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Previous studies on cellular particle separation using acoustic radiation force have 
mainly focused on separation within a single fluid that needs a subsequent procedure 
to re-dilute separated particles into other media for cellular analysis. In this thesis, a 
new bi-fluid micro-flow methodology is proposed to combine the particle separation 
and re-dilution, also known as solvent exchange process, using the acoustic radiation 
force. The prototype experimental results show successful particle transport from its 
original solvent to the other solvent and particle collection at the outlet. This particle 
transport methodology extends the previous acoustic particle separation methods, 
most of which were performed within a single fluid. The transport process simplifies 
the cell preparation, resulting in less complex lab-on-chip systems.   
 
A 2-D viscous hydrodynamic model governed by Stokes equations was firstly 
developed and solved by the boundary element method (BEM). The flow of two 
fluids in parallel in a micro-channel was studied by this model and verified by the 
experimental results. This 2-D model shows that the fluid viscosities, input flow 
rates and outlet pressures are the three major factors which affect the location of the 
fluid interface in the micro-channel. By changing these three factors, the fluid 




A methodology has been employed to transport particles between two parallel flows. 
In this methodology, the shift of the acoustic pressure node due to the different 
acoustic properties of the two fluids was studied. The fully developed fluid interface 
was designed to be offset from the shifted acoustic pressure node by adjusting the 
input flow rates. This offset between the interface and the pressure node enables 
particle transport from one fluid to the other using the acoustic radiation force. The 
experimental results obtained by the prototype micro-flow system proved that, for 
both the similar-fluid case (the pressure node is not shifted) and the dissimilar-fluid 
case (the pressure node is shifted significantly), this methodology could separate 
micro particles from one aquatic dilution, and simultaneously transport them into 
another one. The transported particles suspended in the second fluid flow could be 
collected downstream. Since the acoustic radiation force is a non-contact force 
which is based on the densities and compressibilities of the particles and fluids, this 
methodology provides a wide application potential, especially for cell separation 
integrated in lab-on-chip systems where aquatic dilutions are commonly used.  
 
Finally, the deformation of the fully developed fluid interface due to the acoustic 
field was studied. The experimental results show that the directions of both the 
interface deformation and the acoustic radiation force agree with each other. The 
experimental results also indicate the frequency sensitivity of the interface 
deformation. Besides the experimental studies, a 2-D numerical model including the 
piezo-ceramic transducer, the microchannel structure and the bi-fluid flow was built 
to simulate the acoustic radiation force acting the interface. The analysis obtained 
indicates that the acoustic radiation force has caused the interface to be deformed 
Summary 
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from its original location. This estimation of the interface deformation is critical for 
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Chapter 1   
Introduction 
 
Cell separation, one of the preliminary cellular analysis processes, plays a critical 
role in modern clinical diagnostic studies and cellular researches. Cell separation 
extracts particular cells or cellular particles from blood or cell dilutions to form high 
concentration specimens which will be used in subsequent analysis. These highly 
concentrated cell specimens are broadly used to provide cellular particles in clinical 
chemistry and toxicology; to assay the purity and stability of pharmaceutical product; 
to determine the human genome in molecular biology; and to analyze the blood and 
scurf in forensic technology[1,2]. One traditional commercial cell separation method 
is centrifugation. It is widely used in clinical diagnosis and blood cell preparation, 
and can provide high purity cell samples at high separation speed. Other normal 
separation methods used in laboratorial studies include unit gravity sedimentation 
and centrifugal elutriation[3].  
 
However, in both clinical applications and laboratory researches, most cell 
separations are performed as a separate process. The separated cellular particle 
solutions are manually transferred to the subsequent analysis procedures. This 
discontinuity between the cell separation and subsequent processes increases the 
analysis time and analysis error. Furthermore, due to the labor intensive nature of the 
manual manipulation and the macro scale sensitivity, the separation process of a 
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large number of small samples is not feasible. In order to shorten the time from the 
collection of the original cellular solution to the analysis, and to reduce the possible 
error caused by the manual transfer, faster and more comprehensive technologies are 
required[4]. Among the new technologies, miniaturized lap-on-chip systems are 
extremely attractive[2]. The idea of this new technology is to integrate all the cellular 
analysis procedures, including cell separation, cell identification and functional 
assay or cellular assay, into a small or even portable device[5]. Due to the small size 
of these devices, the proposed lap-on-chip systems require only a small amount of 
the original cellular sample. Furthermore, the highly integrated analysis procedures 
work sequentially in microscale so that more precise and faster analysis is possible. 
In order to realize the lab-on-chip systems, new methods for each part of the cellular 
analysis need to be implemented in micro scale sequentially.  
 
The urgency of the cell separation methods in lab-on-chip systems has attracted 
much interest. Many methods have been designed and implemented in the micro-
scale based on different physical properties of cellular particles, such as 
sedimentation, dielectric properties, diffusivity, density, and compressibility. 
Separation based on sedimentation balances the gravity and buoyancy force acting 
on the cellular particles[6]. The sedimentation force is fixed for particular cells in 
certain solutions, so the separation based on sedimentation is a passive process and 
the efficiency of the sedimentation is not well controlled. Dielectrophoresis (DEP) 
method uses the dielectric properties of the cellular particles. Cellular particles are 
polarized, when the particles are suspended in a non-uniform electrical field. This 
polarization of the cellular particles induces DEP forces acting on the particles. By 
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manipulating the non-uniform electrical field, the DEP force acting on the cellular 
particles can be controlled. Thus, the translation of cellular particles can be 
performed[7]. The control of the DEP force can be done so precisely that even single 
cell manipulation can be performed. The electrical field around suspended cells will 
restrain cell activity or even kill the living cells, which may end up being a 
disadvantage of the DEP method. The third method, which bases on diffusivity of 
cellular particle, is often used in separation in bi-fluid systems. In bi-fluid systems, 
the diffusivity of cells is different from one fluid to another. This difference of the 
diffusivity induces a diffusion force, which can move cells from one fluid into the 
other. Similar to the sedimentation methods, the diffusion method is a passive 
method as well.  
 
Taking the advantages of the differences in density and compressibility of cells and 
the surrounding fluids, the acoustic radiation force method can be used in micro cell 
separation. When cellular particles are suspended in an acoustic field, the acoustic 
radiation force is generated to act on the particles. Particles with different densities 
and different compressibilities experience different acoustic radiation force. This 
acoustic force is a noncontact force, which is normally larger than DEP force[8]. 
Thus, this acoustic force provides a noncontact way to perform biomaterial 
separation with high separation speed.  Due to several advantages of the acoustic 
force, this separation method has received much attention by recent researchers. In 
the next section, a brief review of successful experimental applications of acoustic 
force in cell separation will be given. The main analytical and numerical models 
used to analysis and simulate the behavior of particles in an acoustic field will also 
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be briefly reviewed. Subsequently, in section 2.1, more details about the theoretical 
and numerical models for different particles (from spherical particles to cylinders) 
and different acoustic fields (from infinite plane travelling wave to enclosed 
standing wave) will be reviewed.  
 
1.1 Acoustic radiation force used in cell separation in microfluidic 
devices 
When an object is subjected to an acoustic field in a fluid, it experiences an acoustic 
radiation force due to the difference in density and compressibility between the 
object and the surrounding fluid. The theory of the acoustic radiation force was first 
proposed by Lord Rayleigh[9]. King derived an expression of the acoustic radiation 
force acting on a rigid sphere suspended in an ideal acoustic field[10]. Yashioka and 
Kawasima extended King’s theory, and derived an expression to estimate the 
acoustic radiation force on compressible spheres[11]. Since then, the acoustic 
radiation force acting on the objects has been investigated by many researchers 
theoretically and numerically. Recently, objects of different shapes in ideal fluids 
were studied. Numerical models were built to study the acoustic radiation force 
acting on a liquid drop suspended in air[12,13,14] and a cylinder suspended in ideal 
water[15,16]. Most of the previous theoretical studies confined the surrounding fluid as 
an ideal fluid. Instead of the ideal fluid, Doinikov considered the viscosity of the 
fluid surrounding both rigid spheres[17] and liquid drops[18], and showed that when 
the thickness of the viscous boundary layer is small compared with the typical length 
of the suspended particles, the influence of the viscosity can be neglected. These 
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theoretical studies make the description of the acoustic radiation force more precise. 
However, all of these studies supposed that the acoustic field was a standing wave or 
an infinite plane travelling wave, in order to simplify the problem and to obtain 
closed form solutions.  
 
Based on the theoretical analysis, acoustic radiation force has been widely studied 
experimentally and found to be useful in many applications. Recently, the acoustic 
radiation force was successfully used to manipulate cellular particles at the micro-
scale. Coakley reported a micro chamber designed for blood cell concentration[19]. In 
Coakley’s chamber, an acoustic standing wave was set up between the chamber 
walls with the acoustic pressure node at the center. Particles suspended in the 
chamber were pushed by the acoustic radiation force to concentrate at the middle 
region. The high concentration of the cells in the middle region increased the cell 
contact area and contact period so that chemical reactions between cells can be 
accelerated compared to the reactions in normal cell solutions with low cell 
concentration. Coakley’s experimental study showed that the acoustic radiation 
force could be used to increase the chemical reactions among cells. In Coakley’s 
study, the concentration was accomplished in a stationary fluid. This manipulation 
method of micro cellular particles using the acoustic standing wave in stationary 
fluid was also widely studied for the microalgae concentration and detection. Tessier, 
et al. reported a portable device which couples a spectrometer with the acoustic 
standing wave field[20]. The acoustic standing wave was designed to concentrate 
microalgae, and the spectrometer was used to achieve the detection. In contrast to 
the stationary-fluid application, Peterson[8] built an acoustic field in a flowing fluid 
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and experimentally studied cell separation in such acoustic field. In Peterson’s 
experiment, lipid particles together with red blood cells were suspended in a culture 
solution and carried by the solution to flow through a channel, whose width is 
400µm. In this micro-channel, the acoustic field was set up to form an acoustic 
standing wave approximately so that particles flowing through this channel would 
experience the acoustic radiation force. The acoustic radiation force acting on the 
lipid particles and red blood cells acts in opposite directions, due to the different 
density and compressibility of these two kinds of objects. Thus, the red blood cells 
were pushed to concentrate at the middle region of the channel by the acoustic 
radiation force and the lipid particles were pushed to the region near the channel 
wall. Consequently, these two types of particles were separated and could be 
collected separately from different outlets downstream. Since the particles were 
separated when they were flowing through the micro channel, this method, studied 
by Peterson, is a continuous separation method and was proposed for a medical 
application of removing lipid emboli from shed blood during cardiac surgery[8]. 
Furthermore, this continuous separation method indicates a possible way to use the 
acoustic force in particle separation which can be integrated in lab-on-chip systems.  
 
In current experimental studies of acoustic cell separation in micro channels, the 
instruments are designed to establish an acoustic standing wave in the microchannels. 
However, due to the tolerance of manufacture, the error of instrument installation 
and other uncertainties during the experiment, the standing wave can only be 
achieved approximately. Thus, the theoretical model, which considers the acoustic 
field as a perfect standing wave, can only be used to predict the acoustic force’s 
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direction and to estimate the magnitude of the force qualitatively. In order to 
calculate the acoustic radiation force in experiments more accurately, it is necessary 
to develop better numerical or theoretical models considering not only the standing 
wave field but also the complicated confined acoustic field in a micro region.  
 
Another shortcoming of most current experimental studies of the acoustic cell 
separation is that the separation is only accomplished in one fluid. The most 
commonly used fluid is culture solution which is used for cultivation of live cells. 
During the separation process, the culture solution is used to hold and carry the cells 
in order to keep the cells alive. After the separation process, the separated cells are 
still suspended in the culture solution. However, some necessary components of 
culture solution, such as −Cl  and +2Ca , affect the cellular analysis results or harm 
the cellular analysis instruments[21]. So, in general, culture solutions cannot be used 
in cellular analysis, such as flow cytometry and mechanical extension. Thus, an 
additional process between acoustic cell separation and cell analysis is required to 
re-dilute the separated cellular particles into another solution. When the acoustic cell 
separation is integrated in a lab-on-chip system, the re-dilution process also needs to 
be integrated. The re-dilution process can be easily accomplished in macro scale 
manually or automatically. But in a lab-on-chip system, whose typical dimension is 
in micro scale, this re-dilution process becomes complicated. This complicated but 
necessary re-dilution process handicaps the application of current acoustic 
separation methods in lab-on-chip systems. In order to facilitate the integration in a 
lab-on-chip system, development of a new method which can cover the acoustic cell 
separation and the re-dilution simultaneously in micro channels is necessary.  
Chapter 1 
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1.2 Micro-cell/particle separation in bi-fluid system  
Since the dilutions used in cellular analysis are normally different from the dilutions 
used in cultivation and separation, micro bi-fluid systems have been studied to 
perform cellular particle separation and re-dilution simultaneously. In a typical bi-
fluid system, two different fluids flow parallel to form a pinned interface between 
them. When cellular particles are flowing through a micro channel, there will be one 
or more external forces acting on the particles to move particles from one fluid into 
another. After the micro channel, particles would have been moved from one fluid 
and re-diluted into the other fluid. Generally, the external forces used for separation 
in bi-fluid system can be diffusion force, magnetic force, and those forces widely 
used in current cell separation in the single-fluid systems. In a bi-fluid system, the 
phenomenon is more complicated than that in the single-fluid system. Only a few 
works of the bi-fluid system separation in micro-channel have been carried 
out[22,23,24].  
 
Diffusion force is one of the most widely used forces in cell separation in bi-fluid 
system. In this area, Weigl gave an important experimental study on blood cell 
separation[22]. Using diffusion force, Weigl successfully moved small particles from 
plasma into an aqueous solvent, and retained large particles (blood cells) in the 
plasma. However, the diffusion force is a passive force which is fixed for specific 
particles. Furthermore, the diffusion force is relatively small compared with other 
forces used in current cell separations in single-fluid systems. Thus, the efficiency of 
Weigl’s separation is low. In order to get higher separation efficiency in bi-fluid 
systems, an external controllable force is needed. Magnetic force has been studied 
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and used in bead separation in bi-fluid system by Nixa[23]. In Nixa’s separation, 
super-paramagnetic beads and non-magnetic beads were suspended in albumin 
solution and flowed parallel to another fluid (PBS buffer) in a micro-channel. With 
an electric-magnetic field set up in the micro-channel, a magnetic force acts on 
super-paramagnetic beads to extract them from the albumin solution into the PBS 
buffer. The non-magnetic beads do not experience a magnetic force and remain in 
the albumin solution. Thus, with the action of the magnetic force, separation and re-
dilution of beads were accomplished simultaneously. However, Nixa’s method is 
based on the magnetic property which most cellular particles do not possess. 
Consequently, most cells cannot be separated using this magnetic method.  
 
Unlike the magnetic property, the density and compressibility are common 
properties of all cellular cells. Thus, the acoustic radiation force, which is based on 
the density and compressibility of cells, provides a more general and widely usable 
method in bi-fluid cell separation than the magnetic method. Current acoustic 
separation methods are commonly accomplished in a single fluid. In 2004, Hawkes, 
et al., reported using an acoustic chamber and half-wave length acoustic standing 
wave within the chamber to move yeast cells from a de-gassed water stream to a 
parallel fluorescent water stream. In 2005, Petersson, Nilsson, and their partners 
described a method to translate particles from one medium into another one utilizing 
the acoustic radiation force[25]. They built a micro channel with three parallel flows 
and experimentally concentrated particles from the two side flows into the middle 
one. Both Hawks’ and Pertersson’s works indicate a possible application of the 
acoustic radiation force in particle translation between two flows. However, the two 
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fluids used in their experiments are quite similar (from distill water to distill water 
and from blood to plasma); and the particle motion within different fluids was not 
studied either theoretically or numerically. When two parallel fluids are included, 
particle motions within this two-fluid flow will be different from the motion in a 
single fluid. It is essential to study the acoustic radiation field in bi-fluid micro 
systems and to develop numerical model which can describe the behaviors of 
cellular particles in such systems. Furthermore, the pinned interface between two 
fluids may also be affected by the acoustic field due to the difference between the 
two fluids. This effect will also influence the particle motion, and needs to be 
investigated. 
 
1.3 Objective and scope 
As reviewed in section 1.1 and 1.2, the acoustic radiation force provides a possible 
method to perform the cell transport within two fluids. However, the behaviour of 
the acoustic field in two parallel fluids within a micro-channel remains unknown 
generally. In order to accomplish the cell transport in such bi-fluid micro-systems, it 
is necessary to study the acoustic radiation force in the bi-fluid systems both 
theoretically and experimentally. This is the objective of this study, and the specific 
tasks are as follows: 
1. To develop a numerical hydrodynamic model to simulate and predict the bi-
fluid flow, together with the movement of the interface between the two 
parallel micro fluids; 
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2. To develop a theoretical model of the particle motion within the bi-fluid flow 
under the acoustic radiation force; 
3. To build a prototype experimental micro-fluid system to perform the particle 
transportation in the micro-channel using the acoustic field; 
4. To develop an acoustic methodology to transport particles in the bi-fluid 
micro-system and realize this methodology in proof-of-concept experiments; 
5. To study the effect of the acoustic field on the bi-fluid interface 
experimentally and theoretically. 
The hydrodynamic model would contribute to the prediction of the bi-fluid flow and 
the understanding of the factors that affect the flows and the interface. This model is 
also necessary for the particle motion studies within the bi-fluid flow.  
 
The particle motion model applied with the hydrodynamic model would enhance our 
understanding of the particle behaviour within a bi-fluid flow with an acoustic field. 
This study of the particle motion provides the basis of particle transport in a bi-fluid 
microfluidic system.  
 
The proposed acoustic methodology will extend the usage of the acoustic radiation 
force in cellular particle separation and transportation in micro channel, especially in 




In this study, spherical polystyrene particles are used in both the numerical and 
experimental studies. This is because real cellular particles move complicated that it 
is difficult to build an exact model of them. Thus, in line with common preliminary 
studies, polystyrene spherical particles with diameter varying from 5 μm to 20 μm 
are used to substitute real cells, because the polystyrene properties (density and 
compressibility) and dimensions are similar to the normal cells. 
 
1.4 Original contributions 
A micro flow system is designed and set up to separate particles using an acoustic 
standing wave within the channel. Under the action of the acoustic radiation force, 
particles are concentrated to the pressure node or anti-node in this micro fluidic 
system.  
 
A bi-fluid flow was constructed to flow parallel in the micro channel. The flow state 
of the two parallel fluids is analysed. A 2-D BEM model is developed to model the 
bi-fluid flow in the microchannel, and the fluid interface in between. Comparison 
between the simulation results of the BEM model and the corresponding 
experimental results shows that this BEM model could predict the bi-fluid flow in 
the micro channel well. The simulation results were used in the subsequent analysis 




A new methodology of particle transportation between two-similar-fluid flows using 
acoustic radiation force is proposed. The interface between the two parallel fluids is 
shifted from the acoustic pressure node, so that particles can be transferred from one 
fluid to another using the acoustic radiation force. The outlet pressures are adjusted 
to collect the particles in new solvent. A series of experiments with different flow 
rate and different particles have been performed. The experimental results show that 
this methodology could transport particles from one fluid into the other parallel one 
effectively, when these two fluids are similar.  
The proposed methodology of particle transportation between similar fluids is 
extended to dissimilar fluids by studying the node shift in dissimilar fluids. The 
particle transportation between dissimilar fluids is also demonstrated in the bi-fluid 
system.  
 
The acoustic radiation force acting on the interface between two dissimilar parallel 
fluid flows is studied experimentally. A numerical simulation of this radiation force 
is built and verified by the experimental studies. The movement of the interface of 
the dissimilar fluids due to the acoustic radiation force is considered in the particle 
transport methodology to improve this methodology. 
 
1.5 Thesis organization 
This thesis is organized as follows. Chapter 2 presents a brief review of the 
theoretical studies of the acoustic radiation force and the application of this force in 
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cellular particle manipulations. Chapter 3 describes a microchannel system where 
the acoustic radiation force is applied to separate particles within a single fluid. A 
model is developed to describe particle concentration under the acoustic radiation 
force. A series of experiments in Chapter 3 demonstrate the ability of this 
microchannel system to separate particles in one fluid. Chapter 4 presents the 
theoretical and experimental studies of bi-fluid flow in the microchannel. A 2-D 
BEM model is developed to simulate the flow state of the bi-fluid flow. The 2-D 
BEM model is verified by comparison of simulation and experimental results. 
Chapter 5 proposes a new methodology to transport particles between two similar-
fluid flows using the acoustic radiation force. This methodology is studied 
theoretically and experimentally. Chapter 6 extends the methodology proposed in 
Chapter 5 to include dissimilar bi-fluid flows. Node shift and acoustic radiation 
force acting on the interface between dissimilar fluids are considered to improve the 
methodology. The results show that this particle transport methodology could also 
work effectively in dissimilar bi-fluid flows. Finally, a conclusion of the research 
work is given in Chapter 7. Some suggestions for future work are also presented in 




Chapter 2   
Literature Review 
 
A brief literature review of acoustic radiation force including both theoretical and 
experimental studies is presented in this chapter.  
 
2.1 Acoustic radiation force 
The acoustic radiation force is given by the time-averaged pressure integrated on an 
object in a sound field. The theoretical foundation of this effect was laid by Rayleigh, 
who derived an equation for the acoustic radiation pressure on a perfectly reflecting 
solid wall in 1905. Starting with Rayleigh’s studies, the problem of radiation 
pressure has been discussed in various cases. King was one of the first few to derive 
formulas for the radiation forces acting on a rigid sphere (1934)[10] and disk (1936)[26] 
in an ideal fluid. King established that the radiation force in the field of the standing 
acoustic wave is spatially periodic with a period equal to the half-wavelength of the 
acoustic wave. Subsequently, Yoshioka and Kawasima[11] extended King’s theory 
and derived the acoustic radiation force acting on compressible spherical particles in 
an ideal fluid. The pressure in an acoustic wave was determined through the 
Bernoulli integral. In the field of a standing wave, spherical particles move towards 
the pressure anti-node or node under the action of acoustic radiation force. Yoshioka 
and Kawasima’s results extended King’s expression to a more general case which is 
suitable for most small particles suspended in fluids.  
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Based on King’s and Yoshioka and Kawasima’s studies, various spheres with 
different mechanical properties were studied analytically and numerically. 
Mitri[27](2005) developed an analytical model to calculate the acoustic radiation 
force on a sphere coated by a visco-elastic layer. He studied the effects of the 
absorption characteristics and thickness of the coated layer. Mitri’s analytical model 
extended the previous models to make the theory capable of describing biological 
cells consisting of a central nucleus coated by a cytoplasmic layer and bioactive 
layered sphere.  
 
In addition to the studies of spheres, the acoustic force acting on objects with other 
shapes in ideal fluids was also studied widely. Awatani[28] studied the acoustic 
radiation force acting on a rigid cylinder in an ideal fluid. Hasegawa et al. extented 
Awatani’s model, and gave a theoretical calculation of the acoustic force acting on 
an elastic cylinder[29] (1988) and spherical shells[30] (1993). Wu et al. [31] measured 
the radiation force on a long rigid cylinder experimentally. Their results agree with 
the rigid theoretical model. Mitri[16](2005) developed a general theoretical model 
capable of calculating the acoustic radiation force on rigid, elastic and visco-elastic 
cylinders.  
 
Most of the theoretical studies limit the surrounding fluid to an ideal fluid for 
simplicity of formulates. Doinikov included the viscosity of the fluids surrounding 
in his works on rigid spheres[17] and liquid drops[18]. The results showed that when 
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the thickness of the viscous boundary layer is small compared to the typical length 
of the suspended particles, the influence of the viscosity can be neglected. 
 
2.2 Particle separation using the acoustic radiation force 
The theoretical studies of the acoustic radiation force suggested a possibility of 
using an acoustic field to trap rigid/compressible bodies in a fluid. Based on the 
theoretical analysis, several experiments were designed to study the behaviour of 
bodies in the acoustic field. Earlier studies were performed in stationary fluids to 
demonstrate moving[32], trapping[33], fractionation[34] of rigid particles by the 
acoustic radiation force.  
 
Subsequently, manipulation of the suspended particles was studied with the acoustic 
standing wave being applied in a laminar flow within a microchannel. Yasuda and 
his colleagues applied the acoustic standing wave in a laminar flow within their 
microchannel[35] (Figure 2.1.a). The polystyrene spheres of diameters ranging from 
5.0 mμ  to 10 mμ  were successfully aggregated to the pressure node of the standing 
wave as the particles flowed downstream. Also using the acoustic standing wave, 
Hawkes and co-workers[36,37] fulfilled the continuous extraction of polystyrene 
spheres from a suspension flowing through their microchannel with two outlets. A 
theoretical model proposed by Townsend, Hill and their colleagues[38] was built to 
analyze the suspended sphere’s motion as they flowed through the acoustic standing 
wave field.  
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a.                                                                      b. 
Figure 2.1 Polystyrene particle manipulation in a standing acoustic wave 
a. Concentration of 5μm polystyrene spheres in water in Yasuda’s experiment, adapted from [35]. 
b. Hawkes’s schematic of the separation system, adapted from [36]. 
 
The acoustic radiation force was also used to manipulate organic cells. Yasuda 
(1997)[39] concentrated 70% blood cells within 23% of the chamber width using the 
acoustic standing wave (Figure 2.2). Morgan, and co-workers[40] aggregated the 
Human Caucasian Hepatocyte Carcinomal cells (HepG2 cells) at the pressure node 
of an ultrasonic standing wave, and used this method to study the cell damage in 
toxicant assay test. Petersson, Nilsson and their colleagues[8] built a standing wave 
field in a three-outlet microchannel, and used this channel to discriminate lipid 
particles from erythrocytes in a blood sample (Figure 2.3). 
  
Figure 2.2 Schematic diagram of Yasuda’s apparatus for blood concentration, adapted from [39] 
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Figure 2.3 Petersson’s experimental setup and results, adapted from [8]. 
 
Instead of the generally used one fluid system, Petersson, Nilsson, and their partners 
proposed a three-inlet-three-outlet system to translate particles from one medium 
into another one utilizing the acoustic radiation force, as shown in Figure2.4[25]. 
They experimentally translated polystyrene particles from one distilled water flow 
into another distilled water flow, and realized the red blood cell translation from 
blood to plasma. However, there was no study of the particle behavior within two 
different fluids. Very little is known about the acoustic standing wave field in the 
two-fluid region in a microchannel, and the theory of the cell transfer between two 
parallel fluids using the acoustic radiation force has not been investigated. 
 
 




Although the manipulation of cells in ultrasonic standing waves has been 
demonstrated experimentally, the understanding and analysis of cellular particle 
motion in these devices are still confined to the use of a compressible sphere model. 
More elaborate models taking into account of the deformation of cells are not used 
generally.  
 
2.3 Bi-fluid flow in micro systems 
The rapid development of microdevices for chemical and cellular analysis has been 
greatly promoted by the progress of micro fabrication techniques. Micro-chemical 
systems or bio-systems using these devices have attracted much attention of 
scientists and engineers[5,41]. These microchip-based systems are studied to integrate 
the various chemical and biochemical operations, such as mixing, reaction, 
separation and solvent extraction[42,43,44,45]. Since most of these operations are 
performed using two or more fluids, different flow patterns are required to be 
formed and controlled precisely in microchannels. The study of the interface 
between two fluids in microscale has attracted a lot of attention. Some recent works 






Figure 2.5 Interface between two fluids 
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Fluids at the microscale 
Due to the small dimensions of microfluidic systems, the fluid in micro channels is 
influenced by viscosity rather than inertia, and the flow is laminar. Another typical 
effect of shrinking the system to microscale is the huge increase in surface area to 
volume ratio. This large ratio ensures that surface tension can influence the interface 
between two immiscible fluids. If the two fluids are miscible there is clearly no 
defined interface because the contact miscible fluids will yield a homogeneous fluid 
ultimately. But under laminar flow conditions, the boundary between two miscible 
fluids moving next to each other and mixing only through diffusion can be regarded 
as a dynamic or ‘moving interface’ that can be manipulated and put to practical 
use[46]. 
 
Interface between immiscible fluids 
The interface between immiscible fluids is driven by competing stresses: surface 
tension acts to reduce the interfacial area, and viscous stresses act to extend and drag 
the interface downstream[46] . These stresses destabilize the interface and can be used 
to produce droplets of precise shape and varying content[45] (Figure 2.6 a,b). 
 
Detailed work on droplet-forming devices includes the studies of a rich variety of 
droplet patterns and studies of the relationship between the droplets and the fluid 
parameters, including the flow rate and viscosity [47,48,49]. These formed droplets or 
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fluid segments have been used to analyze DNA and to perform or enhance two-
phase chemical reactions in precise small droplets[50,51,52]. 
 
Figure 2.6 Interface between two immiscible fluids 
(a) Droplets formation in microfluidic channel. Atencia, (2005) [46]. (b) Formation of aqueous 
droplets enclosing organic droplets at a hydrophobic T-junction. Okushima, (2004) [52].  (c) Parallel 
flows flowing side by side in microchannel. Atencia, (2005) [46]. (d) Interface between aqueous liquid 
flow and an organic liquid flow. The aqueous liquid flows in the hydrophilic region and the organic 
liquid is confined to the hydrophobic regions. Zhao (2002) [62]. 
 
To predict the behaviour of the droplets and fluid segments, various numerical 
methods have been developed. Interface tracking methods including boundary-
integral methods[53,54] and finite-element methods[55] are used to accurately simulate 
the onset of break up and coalescence transitions of the droplets. To simulate the 
breakup and coalescence transitions, interface capturing methods are used. Methods, 
such as lattice-Boltzmann and lattice-gas[56], level-set[57], and volume-of-fluid[58] do 
not require mesh cut-and-connect operations because the mesh elements do not lie 











From mono-droplet to the continuous parallel flow, more critical flow conditions are 
required. Dreyfus[60] and Guillot[61] investigated a condition required to obtain 
parallel flow stability based on studies of the flow rates and the aspect ratio of the 
channel. The results showed that the continuous interface between immiscible fluids 
tends to be unstable especially for microchannels with high aspect ratios. In order to 
from stable continuous interface between two immiscible fluids, Zhao[62] and Xiao[63] 
designed a two region microchannel. Within the channel, they patterned the internal 
surface of the channel into two parallel regions: a hydrophilic region and a 
hydrophobic region. This two region channel could provide different capillary force 
to the hydrophilic and hydrophobic fluids. Thus, the aqueous liquid flows along the 
hydrophilic region and the organic liquid is confined to the hydrophobic region as 
they are flowing through the microchannel. Using this patterned microchannel, 
Zhang and Xia successfully formed a stable continuous interface between two 
immiscible fluids: aqueous liquid and organic liquid.  
 
Interface between miscible fluids 
When the two fluids flowing in a microchannel are miscible, it is easy to form two 
stable parallel laminar flow streams flowing side by side[64]. The laminar flow 
ensures that the mixing between streams in contact with each other occurs only 
through diffusion. At slightly higher flow velocity (but within the laminar region), 
the interface between the streams of miscible liquids is kinetically stable, and it 
remains sharply defined because of the short contact time.  At low flow velocity, a 
diffusive interface forms between the fluids, and it broadens downstream[64] as 
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shown in Figure 2.7. The width of the diffusive layer can be adjusted by simple 
changes in flow rate. This stable interface between miscible fluids (the controlled 
diffusive layer) serves as a controllable virtual membrane between two fluids, which 
can be used for DNA extraction, particle separation from solutions[65,66,67], sample 
preparation[68] and mixing[69].  
 
Figure 2.7 Diffusion layer between two miscible fluids (modified from[64]) 
 
To predict and manipulate this interface region, many experimental and simulation 
works have been reported. Chein[70] and Lee[71] studied the hydrodynamic influences 
on the interface location in their ‘T-shaped channel’ and ‘Cross-shaped channel’. 
Yamaguchi[72,73] illustrated the 3-D shape of the interface in curved microchannels 
using fluorescence confocal microscopy. Oak, et al[74] examined the diffusion and 
flow development characteristics of two laminar streams. To estimate the locations 
and shapes of the interface in different channels, theoretical models and numerical 
simulation were also reported in the literature. The most widely used model is the 
laminar flow model described by the Navier-Stokes equations at low Reynolds 
number with the no-slip boundary conditions at the channel wall and no diffusion at 
the interface. The Navier-Stokes equations were solved by the computational fluidic 
software FLUENT based on the finite volume method. The consistency between the 




researches shows that these models can be used to predict the interface configuration 
successfully, and the diffusion effect described by the Euler mixing model can be 
used to refine the simulation results. Besides the numerical methods, Hitt[75] 
developed an analytical expression to predict the fully developed interfacial location 
downstream after a joining of two identical microchannels. These microchannels 
may have rectangular, elliptical/circular and triangular cross-sections. Stiles, et al [76] 
derived a Fourier expansion for estimation of the laminar hydrodynamic spreading 
process when two parallel fluids converge in the microchannel. However, these 
numerical and analytical methods are confined to certain flow conditions - planer 
interface in Hitt[75], small aspect ratio in Stiles[76] or similar liquids in Lee[71], 
Yamaguchi[72]. Further studies to estimate the interface configuration with various 
flow conditions are required.  
 
Boundary element method used for simulation 
To analyze an engineering or scientific problem, a mathematical model consists of 
governing equations within the problem domain, together with some conditions over 
its boundary, is required. For some boundary value problem (BVP), the governing 
equations can be represented by a system of boundary integral equations (BIEs), 
where the unknown variables appear only in integrals over the boundary of the 
problem domain. The boundary element method (BEM) is a numerical technique for 
the direct solution of BIEs. It is based upon piecewise discretization of the problem 
boundary in terms of sub-boundaries, know as boundary elements, in a way similar 
to that employed for the finite element method[77].  
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The BEM shows several advantages compared with domain numerical techniques. 
The dimensionality of the problem is reduced by one. The data and computer CPU 
time required for analysis are consequently reduced considerably. The BEM deals 
with surface problems more efficiently since the discretization is only on the 
problem boundaries. The BEM also offers a fully continuous solution inside the 
domain and the problem variables can be evaluated directly at any point inside.  
 
In the last few decades, the BEM has been extended to a large number of 
engineering applications, including problems of fluid mechanics[77], electro-
magnetism[78], and acoustics[79]. For the bi-fluid laminar flow in a channel, the 
location of the interface between two-fluid flows is required to be solved. The 
governing equations of this problem can be written in the integral form in terms of 
the variables over the boundary of the problem domain. The principle advantage of 
the BEM over domain type analysis, such as the finite element and finite difference 
methods, for such bi-fluid flow problem is that only values at the boundaries, such 
as the flow rates, interfacial velocities, and the wall and interfacial shear stresses 
need to be solved. The BEM has been shown to give great flexibility and accuracy in 




Chapter 3   
Particle Separation in a Single Fluid using Acoustic 
Radiation Force 
 
In this chapter, theoretical and experimental studies of particle separation in a single 
fluid using the acoustic radiation force are presented. A theoretical model including 
acoustic radiation force and hydrodynamic force is developed to describe particle 
traces in a continuous fluid flow. A microfluidic chamber is set up and the 
experimental results are obtained. The experimental results coincided with the 
numerical results, and demonstrate that the acoustic radiation force can be used for 
particle separation in a single fluid flow. 
 
3.1 Theoretical model for particle separation in a single micro fluid 
In ultrasonic separation devices, a fluid containing suspended particles is pumped 
into a micro channel. An ultrasonic field is set up in this fluid medium, and the 
suspended particles experience an acoustic radiation force in the ultrasonic field. 
This radiation force results in separation of different types of particles based on their 
densities and compressibilities. To study the separation of particles in a 
microchannel with an acoustic field, we setup a model to analyze the flow state and 
the forces acting on the particles within the fluid.  
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3.1.1 Flow in a microchannel 
Due to the small length scale in the microchannel and the low flow speed of fluid, 
the Reynolds number of the flow in a micro channel is very low. Consequently, the 
flow is laminar, and it can be modelled as Poiseuille flow in a channel. Figure 3.1.a 
shows the velocity contours in a cross-section of a rectangular channel[82]. Figure 
3.1.b illustrates the fully developed velocity profile in a tube[83].  
                       
a. Velocity contours in a tube’s cross-section [82]             b. Fully developed velocity profile [83] 
Figure 3.1 Contours of the fully developed Poiseuille flow 
 
3.1.2 Forces acting on particles 
To determine the motion of particles subjected to an acoustic field in micro fluidic 
devices, all the forces acting on a particle are considered. The dominant forces are 
the acoustic radiation force due to the ultrasonic field, the fluid drag force and the 
buoyancy force[38] . 
 
(a) Acoustic radiation force 
In the fluid where a travelling or standing wave is established, the suspended 
particles whose acoustic impedance is different from that of the surrounding fluids 
will scatter the sound field and consequently acquire a time-averaged net force, 
called the acoustic radiation force. The surrounding fluid may be assumed to be an 
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ideal fluid when the particle diameter is small compared to the wavelength ( λ<<d ) 
but large compared to the acoustic boundary layer ( δ>>d ) [38]. The direction and 
size of the radiation force is given by the acoustic equations presented by Yoshioka 
and Kawasima[11]. The acoustic radiation force acF , acting on a compressible particle 
suspended in a standing wave field, is given as follows: 
( ) ( )kxackERacF 2sin33
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,                                              (3.2) 
where the variables ρw and ρc are the densities of the fluid and the particle, 
respectively; βw and βc are the compressibilities of the fluid and the particle; R is the 
particle’s radius; acE  is the average acoustic energy density; φ  is a dimensionless 
constant, called the acoustic contrast factor; k is the wave number; and x is the 
distance from a pressure node. This radiation force is a sinusoidal function of x. 
Thus, particles will accumulate at the nodal or anti-nodal points, depending on the 
sign of the contrast factor ( φ ) which is a function of the physical parameters 
(density and compressibility).  
 
Figure 3.2 shows a sketch of an acoustic standing wave in a rectangular channel. 
The standing wave can be set up by attaching a piezoelectric actuator to the channel 
and exciting it with a sinusoidal voltage at the fundamental resonance frequency of 
the channel (when the channel’s width is equal to half of the ultrasonic wavelength). 
Due to the acoustic radiation force, the suspended particles, which may have 
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different densities and compressibilities, are pushed to either the pressure nodes or 
the pressure anti-nodes. These particles flow in those regions of the fluid field to the 
end of the channel, and thus, can be collected separately. 
 
Figure 3.2 Sketch of standing wave and particles concentrated at either node or anti-node 
 
(b) Hydrodynamic drag force 
Due to the particle’s small dimensions and the low flow speed, the particle Reynolds 
number is low. The fluid drag force DF  acting on the particle is calculated using the 
Stokes drag expression:   
RUFD μπ6−= ,                                              (3.3) 
where μ  is the dynamic viscosity of the fluid; R is the particle radius; and U is the 
relative velocity between the particle and the fluid. 
  
(c) Buoyancy 
The density difference between the particle and the fluid gives the buoyancy force 











pfB gRF ρρπ −= ,                                    (3.4) 
where fρ  and pρ  are the densities of the fluid and the particle separately. BF  acts 
in the direction opposite to the gravitational force, if pf ρρ > . 
 
(d) Other particle forces 
In addition to the dominant forces described above, the suspended particles may 
experience other inter-particle forces, secondary acoustic radiation force, and van 
der Waals force operating in the region of the channel walls. These forces are small 
compared to the dominant forces, so they are neglected in the present cell separation 
analysis[84].  
 
3.2 Simulation of particle motion in a single fluid medium 
Accounting for the above forces, the motion of particles in an acoustic field is 
simulated numerically. 
 
3.2.1 Problem description  
In present cell separation devices, rectangular microchannels are commonly used. 
This kind of channel can be modelled as a cuboid using a Cartesian coordinate, 
shown in Figure 3.3. The fluid, containing suspended particles, flows through this 
cuboid region along the x direction. An acoustic standing wave is set up between the 
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two side walls, and the acoustic radiation force acF  acts in the y direction. Due to 
the small differences in densities of the particles and the fluid, the buoyancy force 
BF  is neglected. Thus, only the acoustic radiation force and the drag force are 
included to determine the particle’s motion in the y direction. In the x direction, the 
particle is assumed to reach the velocity of the fluid flow instantaneously, due to 
their small mass.  
 
Figure 3.3 Schematic diagram of microchannel and standing wave 
 
We model the flow as a fully developed plane Poiseuille flow to estimate the x-














dxvx  ,                                     (3.5) 
where W is the width of the channel; and u is the mean velocity of the flow in x 
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The acoustic force ( acF ) and viscous force ( DF ) exerted on the particle are given by: 
( )kykERF acac 2sin3
4 3 φπ−=  ,                                    (3.7) 
( )
dt
dyRtyFD μπ6, −=  .                                         (3.8) 
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dy  and 00 ==tx . Traces of particles can be obtained for different starting 
positions of 0y . 
 
3.2.2 Particle convergence trace 
By simulating the traces of particles at different location along the channel inlet, it is 
possible to show the concentration of particles along the flow direction. Figure 3.4 
shows the simulation results of the parabolic velocity profile along x direction. 
Figure 3.5 shows the trace of polystyrene particles from different initial positions. 
The traces indicate that under the acoustic radiation force, the polystyrene particles 
converge to the central region of the channel. Figure 3.6 shows the simulated traces 
of silicone-oil droplets. The traces of these droplets indicate that the silicon-oil 
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droplets converge to the two side walls of the channel. Parameters used in these two 
simulations correspond to those used in our experiments, and the flow velocity 
corresponds to the velocity shown in Figure 3.4.  
 
Figure 3.4 Velocity profile along x-direction 
 
            
a. y position against time                                   b. y position against x position 
Figure 3.5 Simulation results of polystyrene particle position in a single fluid 
Parameters used in simulation: compressibility of polystyrene particles Nmc
2101056.4 −×=β ; 
compressibility of water Nmw
2101038.2 −×=β ; density of particles 31050 mKgc =ρ ; density of 
water 31000 mKgw =ρ ; sound speed in water smc 1500= ; frequency of sound wave 
MHzf 875.1= ; acoustic energy density of sound acE =6 J/m





           
a. y position against time                                        b. y position against x position 
Figure 3.6 Simulation results of silicone oil droplets concentration in a single fluid 
Parameters used in simulation: compressibility of silicone oil droplets  Nmc
210104.10 −×=β ; 
compressibility of water Nmw
2101038.2 −×=β ; density of silicone oil droplets 3960 mKgc =ρ ; 
density of water 31000 mKgw =ρ ; sound speed in water smc 1500= ; frequency of sound wave 
MHzf 875.1= ; acoustic energy density of sound acE =4 J/m
3; Channel width w=400μm; Silicone 
oil droplet’s radius R=5μm; 
 
 
Furthermore, a parametric study using the model was done to simulate the 
aggregations of various types of particles under different operating conditions.  
 
Particles starting from different locations along the width will take different time 
and distance to reach the nodal or anti-nodal line. If we use the maximum time and 
distance required for the particles to represent the convergence time and 
convergence distance of the convergence process, the aggregations of various types 
of particles under different operating conditions can be simulated numerically by a 
parametric study, and shown as follows. The simulation results show that the 
convergence time proportional to the mean velocity along the x direction (Figure 
3.7). It was also shown that the convergence time and distance are inversely 
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proportional to the particle radius (Figure 3.8) and the magnitude of the contrast 


























Figure 3.7 Convergence times for different velocities along x direction. 
Parameters used in simulation: polystyrene particle suspended in water; contrast factor is 526.0=φ , 
Particle radius is R=10μm;  frequency of sound wave MHzf 875.1= ; acoustic energy density of 
sound acE =4 J/m
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b. Convergence time for different radius of particle 
Figure 3.8  Convergence distance and time for different velocities along x direction. 
Parameters used in simulation: polystyrene particle suspended in water; contrast factor is 526.0=φ , 
frequency of sound wave MHzf 875.1= ; acoustic energy density of sound acE =4 J/m
3; Channel 




a. Convergence distances for different contrast factors. 
 
b. Convergence time for different contrast factors. 
Figure 3.9 Convergence distance and time for different contrast factors. 
Parameters used in simulation: frequency of sound wave MHzf 875.1= ; acoustic energy density of 
sound acE =4 J/m
3; Channel width w=400μm; Radius R=10μm; Flow velocity along x direction 
corresponds to the case shown in Figure 3.4. 
 
Such numerical results provide predictions of experimental outcome, and 
suggestions for the appropriate operating conditions to achieve particle 
concentrations. 
 
Currently, polystyrene particles were widely used to simulate real cellular particles 
in the first step of the separation methodology studies especially for the acoustic 
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separations. Those instruments, which could separate polystyrene particles, were 
verified to separate cells effectively using similar experimental conditions. However, 
only limited types of cells have been studied experimentally and the corresponding 
contrast factors have been reported (listed in Table 3-1).  Since cells generally have 
higher density and lower compressibility than those of suspension media, common 
cells are expected to have positive acoustic contrast factors[85].  
Table 3-1 Contrast factor of different cells in culture medium 
Cells Contrast factor in culture medium Concentration location 
Isotonic Erythrocytes Φ = 0.37 a Pressure node 
(Human Caucasian 
Hepatocyte Carcinomal cells Φ = ~ 0.32 
b Pressure node 
Bacteria Φ = 0.10-0.19 c Pressure node 
Deoxyribonucleic acid  
(DNA 2686 bps) Φ  >0 
d Pressure node 
Lipid particles Φ = ~ -0.3 e Pressure anti-node 
a. Calculated using the compressibility reported by Weiser et al [86].  
b. Morgan et al.  [40] 
c. Kuma et al. [85] 
d. Yasuda et al. [87] 
e. Laurell et al. [89] 
 
3.3 Experiments of particle separation in one micro fluid 
3.3.1 Materials and methods 
Experimental system setups 
The experimental system designed in this study consists of five functional parts 
(shown in Figure 3.10). A function generator (Agilent) serves as the power source 
for the piezoelectric actuator. Two syringe pumps (Cole Parmer ® 749000 series and 
New Era Pump SystemTM) are used to pump the fluid into the flow 
conduits/connectors (Science Team Services). The micro-device part consists of a 
microchannel, in which microfluidic flow is set up and an ultrasound field is applied 
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to manipulate particles suspended in the fluid. The phenomenon in the microchannel 
are observed by an optical microscope (Leica Microsystems Vetzlar GmbH; Type: 
020-520.007 DM/LP) and recorded by a CCD camera connected to PC. 
 
The micro-device part includes a support (NLC Singapore Pte. Ltd.), a piezo-
ceramic actuator (Sparkler Ceramics Pte Ltd, India, resonance frequency is 
1.875MHz for first thickness mode / 3.75MHz for second thickness mode), two 
silicone-rubber gaskets, a microchannel chip and a cover. All these parts are stacked 
up in sequence and held together by screws (Figure 3.11.a). The gaskets, which 
connect the support and the microchannel chip, are used to prevent leakage of the 
fluid. The width of the transducer covers the whole length of the micro channel 
(Figure 3.11.b). 
 
Figure 3.10 Experiment setup 
 






        
          a. Sketch of all components                                  b. Sketch of Piezo and Micro-channel. 
Figure 3.11 Sketch of the micro-device part 
 
The microchannel chip consists of an H-shape microchannel, which has two inlets 
and two outlets (shown in Figure 3.12). This channel is a deep reactive etched in a 
silicon base (Oxford Plasma 100 DRIE/ICP system: 200 etch/deposit steps, vertical 
error ±0.1o, and amplitude of undulate on side walls about 100–400 nm) with the 
top encapsulated by glass.  The width of this channel corresponds to half ultrasonic 
wavelength, so that a standing wave can be set up between the side walls. The piezo-
ceramic transducer is connected to a function generator to provide sinusoidal 
ultrasonic vibrations. This transducer is attached to the bottom surface of the micro-
channel to build the acoustic standing wave between two side walls of the channel. 
This configuration of the transducer, micro-channel and ultrasound gel ensures good 
coupling between the transducer and the microchannel[88,89]. The resonance 
frequency of the piezo-ceramic assembled within the whole system was measured 
by a LRC meter. This resonance frequency (1.88MHz) was used as the operating 






Top view  














Figure 3.12 Sketch of microchannel 
 
Dimension:  Depth=100 μm. Channel width= 400 μm, length=2500 μm;  
 
Particles and oil-droplets 
Fluorescent polystyrene particles (Polysciences) suspended in DI water are used as 
one object. The density of these particles (1050Kg/m3) and the diameter (5μm~10μm) 
are similar to those of red bloods. The compressibility of these polystyrene particles 
is Nmw
2101038.2 −×=β . The contrast factor of these polystyrene particles in DI 
water is positive, 526.0=φ  (calculated using Equation 3.2). Thus, according to the 
theoretical analysis and the numerical simulation, these particles will move to the 
pressure-node (middle of the channel) under the acoustic radiation force. 
 
A Silicone oil droplet (silicone oil KF96-50cs, Shin-Etsu) suspended in deionized 
water is another object used in the experiments. The density of the silicone oil 
(KF96-50cs) is 960Kg/m3; and the compressibility is Nm2101044.10 −× . The 
contrast factor of these oil droplets in water is negative, 38.1−=φ . So, under the 
acoustic radiation force, these oil-droplets will be pushed to the pressure anti-nodes 
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which lie at the channel side walls. The oil droplets used in the experiments were 
prepared by silicone oil KF96-50cs and DI water such that the volume percentage of 
oil to water is 0.5%. The mixture was stirred about 1 min and then it was 
ultrasonicated for 20 minutes. The diameters of the oil droplets in the prepared 
suspension vary from O(1) μm to 50 μm (shown in Figure 3.13).  
 
Figure 3.13 Image of the oil-droplets in the prepared suspension 
 
3.3.2 Experimental results  
Concentration of polystyrene spheres in a single fluid 
Firstly, polystyrene particles, suspended in DI water, were pumped into the micro-
device. According to the numerical simulation results (Figure 3.5), these particles 
are expected to concentrate at the pressure node at the centre of the channel due to 
the acoustic radiation force. In the experiments, when the ultrasound was applied, 
images of these particles were recorded as they flowed through the microchannel. 
These recorded images were superimposed with a constant time interval to show the 
particle traces in the experiments. The superimposed images of particles with 
different initial y-locations (shown in Figure 3.14.a.) and the corresponding traces 
(Figure 3.14.b) show that the polystyrene particles move to the middle of the 
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channel as predicted by the model. The traces of a series of particles at the channel 
inlet illustrate the convergence of particles towards the middle of the channel. The 
corresponding simulation was done using the theoretical model studied in section 
3.2. The density, compressibility, particle size, channel dimensions, and the flow 
rates used for the simulation correspond to the experiments. The simulation results 
fit the experimental traces well when the acoustic energy density in the simulation 
was given as 2.8 J/m3. Comparison between the experimental results and the 
simulation results (Figure 3.14.c) shows the consistency of the numerically modelled 
aggregation trend with the experimental results.  
    
a.                                                                               b. 
 
c.  
Figure 3.14 Experiment and simulation results of concentration of polystyrene particles 
Experimental conditions: Flow rate=100 hL /μ , ultrasound exciting frequency is 1.88 MHz.  
a. Superimposed images of particles with different initial y-locations varies within [0, 400µm] , time 
interval is 0.4 second;  
b. Identified traces of polystyrene particles.  
c. Simulation results of the convergence traces. Acoustic energy density used in simulation is 2.8J/m3. 
 
Secondly, silicone oil droplets, suspended in water, were pumped into the 




theoretically, the lipids are predicted to concentrate near the channel side walls. The 
images (shown in Figure 3.15) indicate the droplet distributions in two cases, with 
and without acoustic field. When no acoustic field applied, random distribution of 
the oil-droplets was observed in the channel, shown in Figure 3.15.a. When the 
acoustic field was applied, the oil-droplets were accumulated at the channel wall, 
shown in Figure 3.15.b. Comparison of the results with / without acoustic field 
shows that the acoustic radiation force can push the oil droplets to the channel side 
walls.  
        
a                                                                           b  
Figure 3.15 Image of deposited milk lipid near the wall of microchannel 
 
a. Random distribution of oil-droplets in micro channel when there is no acoustic standing wave. 
b. Accumulated droplets at the channel walls when acoustic standing wave is built. 
 
In these two experiments, we show that particles with opposite contrast factors φ , 
0.526 for polystyrene and -1.38 for silicone oil, move to the nodal plane or anti-
nodal plane as predicted by the theory.  
Separation of two types of particles in a single fluid  
After demonstrating the aggregation of two different types of particles, experiments 
are conducted to demonstrate the separation of these particles when they are mixed 
Chapter 3 
46 
in a single fluid. Both polystyrene particles and silicone oil droplets were suspended 
in a solution, and pumped into the microchannel. The polystyrene particles used here 
are fluorescent and show green under the UV light. So, these particles can be 
identified from the oil droplets under the UV light. Images of the suspended 
particles and droplets were taken under two operating conditions: with and without 
the ultrasound. When the ultrasound was turned off, both the polystyrene particles 
and lipids were observed to fill the whole microchannel (shown in Figure 3.16.a). 
When the ultrasound was turned on, the polystyrene particles aggregated at the 
middle of the channel, whereas the silicone oil droplets were accumulated near the 
side walls as shown in Figure 3.16.b. These results indicate the successful separation 
of these two types of objects, the polystyrene particles and the silicone oil droplets, 
in a single fluid.  
 










b. Image of particles and silicone oil droplets in channel with ultrasound. 
 
Figure 3.16 Experimental results of the separation of polystyrene particles and oil-droplets 
 
3.4 Discussion 
According to the simulation results shown in section 3.2, polystyrene particles 
whose contrast factor (φ ) is positive (0.526) will be concentrated at the pressure 
node; and lipid particles which have a negative contrast factor (-1.38) will be 
concentrated to the pressure anti-node by the acoustic radiation force. This 
concentration of particles with different contrast factor to different locations has 
been demonstrated by the experimental results given in section 3.3. In the 
experiments, the channel width is equal to half acoustic wave length. Thus, the 
pressure node of the acoustic standing wave lies at the middle of the microchannel; 
the pressure anti-nodes lie at the two side channel walls. The experimental results 
demonstrate that polystyrene particles converge to the pressure node and the silicone 
oil droplets concentrate at the pressure anti-nodes, when these objects flow through 
the microchannel with an acoustic field. This convergence of the particles and the 
Channel wall 
Accumulated oil-droplets at the channel walls 
Flow direction 




droplets shows that acoustic radiation force can be used to separate different objects 
using the micro chip.  
Comparison between the experimental and simulation results shows a good 
correlation between them. The convergence trend of silicone oil droplets in the 
experiments also coincides with the trend predicted by the theoretical model. Hence, 
the model studied in section 3.2 can be used to predict the motion of particles when 




Chapter 4   
Bi-fluid Flow in a Micro Channel 
 
Most applications of the acoustic cell/particle separation in micro channels are 
accomplished in a single fluid[36-40]. After the separation, the particles are still 
suspended in the original solvent which may not be used in subsequent cellular 
analysis. In order to separate cellular particles from the original solvent and re-dilute 
them into another solvent simultaneously, a bi-fluid micro-flow system using 
acoustic radiation force is proposed. In this bi-fluid micro-flow system, two different 
miscible solvents flow parallel to each other through a 2-inlet 2-outlet micro channel. 
In this chapter, the bi-fluid flow in the microchannel is studied. Due to the micro 
length scale of the channel, the Reynolds number is very low, and the flow in this bi-
fluid micro-channel is laminar. This laminar flow is governed by the Stokes 
equation. A BEM model is developed to simulate the Stokes flow in this bi-fluid 
microchannel and predict the location of the interface between the two fluids under 
different operating conditions. This model is consequently verified by a series of 
experimental studies. This model will be used in the later chapters to predict the 




4.1 Numerical simulation using BEM model  
4.1.1 Problem description 
From the top view of the microchannel, the interface between two fluids was 
observed to bend towards one of the fluids at the channel entrance. The shape of this 
curved interface is governed by the flow rates and the viscosities of the two fluids. 
Figure 4.1.b shows the sketch of this curved interface. To determine the position of 
the interface in equilibrium, a rectangular simulation region is defined, which lies 
within the two side walls of the channel, the entrance of the microchannel，and an 
imaginary plane which lies a far distance from the entrance downstream. The 
interface between the two fluids serves as the common boundary of each fluid. The 
location of this interface is unknown and needs to be solved in the simulation. The 
boundaries of the two fluids in our simulation are shown in Figure 4.1.c.  
 
Figure 4.1 Sketch of the interface in a microchannel 
 



















4.1.2 Formulation of boundary element method 
In view of the very low Reynolds number, the flow in the simulation region is 
modelled as a two-dimensional Stokes flow. The governing equation, represented in 









where points 0x  and x  are located on the boundary of the selected region; t and u  
are the tractions and velocities; i and j are indices representing the coordinate 
directions; ijC  is a constant, and ijijC δ21=  when the boundary is smooth; µ is the 
dynamic viscosity of the fluid; Γ represents the integration boundary; n is the normal 
direction of point x ; and GT ˆ,ˆ are the Stokeslets. For an interior point 0x in the fluid 
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where )(xiu and )(xit  are velocities and tractions on the boundaries l . The 














−= ,                                             (4.4) 
where xˆ=r  ; 0ˆ xxx −= . Since the boundary of the two simulation regions are 
two-dimensional regular shape boundaries together with a curved interface in 
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between, constant elements are used to discretize the boundaries, including the 
channel edges and the fluid interface. The nodes are taken to be in the middle of 
these constant elements. The values of the velocities and tractions are assumed to be 
constant over each element and equal to the value at nodes. For a given point ‘q’ of 






















where p and q represent the ‘p’th and ‘q’th element . Γ  is the boundary of the 
element; i and j are indices representing the coordinate directions. For the constant 
element discretization, the values of u and t  can be taken out of the integrals as they 
are constant over each element; and the boundary is always ‘smooth’ as the node is 
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)(),()(),( .                              (4.9) 
Assuming that the regular shape boundaries of one fluid (fluid A) are discretized by 
o
AN  constant elements, the regular shape boundaries of the other fluid (fluid B) are 
discretized by oBN  constant elements, and 
mN is the number of the constant elements 
of the interface, we can derive the boundary element equations for the two-fluid 
problem (shown in Figure 4.1.c) as follows, 































GG ,                (4.10) 































GG ,                 (4.11) 
where subscripts A and B represent the two fluids; the elements of the matrixes [ ]G  
and [ ]T  are obtained from integrals of the Stokeslets along the constant elements; 
the superscripts m and o represent the interface and the regular boundaries of the 
fluid respectively; Equations 4.10 and 4.11 give the relations between the tractions 
and velocities at the boundaries in )2(2 moB
o
A NNN ++  equations.  
 
In view of the relatively small angles between the inlets and the microchannel, the 
flows at the entrance are treated as Poiseuille flow along x direction. Thus, at the 
entrance, the velocity profile of the x component is parabolic; and the components 
along y directions are zero. On the side walls of the microchannel, the velocities are 
zero due to non-slip boundary conditions. At the imaginary plane downstream, the 
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flow in the microchannel is assumed to be fully developed along the x direction. So, 
at this boundary, the velocity component in the y direction is zero; and the pressure 
is assumed to be uniform. This uniform pressure is set as the datum (to zero) in the 
simulation. At steady state, the interface is stationary, and the velocity component in 
the normal direction to the interface is zero, since the fluids do not cross the 
interface. In total, there are moB
o
A NNN 6)(2 ++ unknown variables: 
mN6 unknown 
variables at the interface (the two fluids’ traction components in both tangential and 
normal directions to the interface and the velocity components in the tangential); and 
)(2 oB
o
A NN +  unknown variables on the other boundaries (the tractions at the 
entrance and the side walls, the velocity components along x direction and traction 
components along y direction at the downstream boundary). These boundary 
conditions and unknown variables are shown in Figure 4.2. However, there are only 
)2(2 moB
o
A NNN ++ equations given by the boundary element equations (Equations 
4.10 and 4.11). Thus, continuity conditions at the interface are needed.  
 
Figure 4.2 Boundary conditions of two fluids 
 
Fluid B 
Fluid A Interface 
0=xu , 0=yu ;
0=xu , 0=yu ; 







At the interface, the two fluids meet to flow together; there is no slip between them. 
So, at the interface, the tangential velocities of the two fluids are identical; and the 
tangential tractions of the two fluids have the same magnitude but opposite 








A uu = ,                                                   (4.13) 
where superscript τ  represents the tangential direction to the interface. Equations 
4.12 and 4.13 give an additional mN2 equation set. Hence, for the given interface, 
the discretized governing equations (equations 4.10 and 4.11), together with 
equations 4.12 and 4.13, give enough equations to solve the moB
o
A NNN 6)(2 ++  
unknown variables including the traction components in the normal direction to the 
interface ( nmAt
, , nmBt
, ). When the given location of the interface is in equilibrium, the 
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4.1.3 Iteration for equilibrium interface 
In our problems, the equilibrium location of the interface is unknown. In our 
formulation, an iterative scheme is used to determine this equilibrium location. With 
an assumed position of the interface, the BEM equations are formed, and the normal 
components of the traction at the interface are calculated. The non-zero difference 







indicates that the assumed interface is not in equilibrium. Based on this difference, 
the interface location is changed to obtain a better estimation of the location. Here, 
we adjust the location of the interface by a distance 
dTky ⋅=Δ                                                  (4.15) 
where k is a constant. With the new position of the interface, the tractions at the 
interface are calculated again. The iterative process above is repeated until the 
traction difference dT  falls within an acceptable tolerance. At the end of this 
process, a numerical solution of the interface’s location is obtained. The 
corresponding velocities and tractions on the boundaries are also obtained 
simultaneously. The flow chart of this iterative process is shown in Figure 4.3.  
 
 
Figure 4.3 Flow chart of the iterative process 
 
In this iterative scheme, the value of k is a critical parameter which will affect the 
convergence character of this iteration significantly. Larger value of k will lead to 
Change interface 





dT < tolerance (tol)? 
Input assumed interface & boundary conditions 
dT solved by BEM  
Output interface location & velocities/tractions 
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high convergence velocity. However, with a large value of k, the iterative process 
may not be stable or converge. Small value of k can provides a more stable and 
convergent iterative process by consuming a large number of iterative steps and long 
computational time. In order to balance the stability and the velocity of the iterative 
process, the value of k is determined, in this study, by some trial calculations which 
give relatively good convergence of the iterative process. 
 
4.1.4 Convergence of the simulation 
To check the convergence of our numerical simulation, the analytical result of two 
fully-developed flows in a rectangular channel is considered. The fully developed 
downstream region is used (shown in Figure 4.4).  
 
Figure 4.4 Sketch of the parabolic flow of two fluids in a 2-D case 
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= 2 ,                                                                (4.19) 
where μ  is the dynamic viscosity; P is the pressure; H is half of the channel height ; 
h is the unknown interface location; 121 ,, DCC and 2D  are constants to be determined. 
The boundary conditions are: 
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where k is the ratio of volume fluxes of two fluids. Equations 4.16 to 4.19, together 
with the boundary conditions give a quartic equation for the variable h: 
0234 =+⋅+⋅+⋅+⋅ ehdhchbha ,                        (4.20) 
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Table 4-1 shows the parameters in two case studies which have different flow rates 
(water vs. water) and different viscosities (98% glycerine aqueous solution vs. 70% 
glycerin aqueous solution).  
Table 4-1 Cases for convergence study 
Geometry H ( mμ ) 100 W ( mμ ) 350 
  Case 1 Case 2 
Flow Rate AQ ( smm
3 ) 1.1 0.28 
 BQ ( smm
3 ) 0.28 0.28 
Density a Aρ  ( 3/ mkg ) (water) 1000 (98% glycerine)  1256 
 Bρ  ( 3/ mkg ) (water) 1000 (70% glycerine) 1181 
Dynamic Viscosity a Aμ (Pa s) (water) 1×10-3 (98% glycerine) 939×10-3 
 Bμ  (Pa s) (water) 1×10-3 (70% glycerine) 22.5×10-3 
Analytical results  *h  mμ572.142  mμ867.139  
 
a. Values from handbooks [91] or interpolated from data provided by the manufactory (The Dow 
Chemical Company). 
 
Analytical results ( *h ) of the interface location are calculated using equation 4.20. 
To study the convergence of the BEM simulation, numerical simulation was done 
for the corresponding cases. In each case, the averaged value of the nodes’ locations 
at the elements of the fully developed interface are obtained as the corresponding 
simulation results: BEMh . Comparison of the numerical results ( BEMh ) and the 
analytical results ( *h ) shows the percentage errors at different tolerances (tol) used 







hherror BEM ,                                      (4.21) 
as given in Figure 4.5. Figure 4.5.a shows that for the different flow rate case (case 
1), the percentage errors converge to a constant value around 0.14% in an oscillating 
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way when tolerances (tol) decrease from 4% to 0.1%. The curve in Figure 4.5.b also 
shows a similar oscillating convergence of the percentage error for the different 
fluids case (case 2). In the second case, the value that the percentage error converged 
to is -0.02%. These oscillating convergences in both cases indicate the convergence 
character of the numerical simulation. The constant errors may come from the 
relatively coarse discretization of the problem and the numerical integral error of the 
BEM Stokeslets.    





















    
Figure 4.5.a. Convergence of  Case-1: different flow rates;   
 
 




















Figure 4.5.b. Convergence of Case-2 different fluids 
 
Figure 4.5 Convergence of the interface location simulations with decreasing of tolerances (tol) 




Next, we investigated the convergence of the result as the number of elements used 
changes. With the tolerance fixed at 0.2%, the error of  BEMh  is observed to decrease 
when the element number (N) increases (shown in Figure 4.6). This result indicates 
that this numerical simulation studied in this chapter could get more accurate 
simulation results by using fine elements. 
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Figure 4.6 Convergence of the interface location simulations with increasing element numbers 
 
 
4.1.5 Simulation results 
Using the numerical simulation method studied above, the location of the interface 
between two flow streams can be identified by the iterative process. The flow states 
can also be simulated for both the boundary locations and the interior locations. The 
simulation results shown in Figure 4.7 illustrate the equilibrium interface between 
two fluids (70% glycerin water solution, density 31128 mKg=ρ , viscosity 
smPa ⋅= 8.22μ  vs. 98% glycerin water dilution , density 31255 mKg=ρ , viscosity 
smPa ⋅= 939μ ) that have the same flow rate (0.28 smm 3 ). The equilibrium curve in 
Figure 4.7 shows that at the entrance of the channel, the interface bends to the fluid 
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with lower viscosity (70% glycerin water solution). As the flows develop 
downstream, the curve interface becomes parallel to the side walls of the channel.  
 
Figure 4.7 Simulation results of the equilibrium interface 
Fluid A: 98% glycerin water solution, density 31255 mKg=ρ , viscosity smPa ⋅= 939μ ; 
Fluid B: 70% glycerin water solution, density 31128 mKg=ρ , viscosity smPa ⋅= 8.22μ ;   
Flow rate 0.28 smm 3  
 
The velocity field of these two fluids are shown in Figure 4.8. These two fluids have 
parabolic velocity profiles at the inlets of the channel. When they flow into the 
channel and meet each other, the velocities in both the x-direction and y-direction 
change drastically as the fluids flow downstream. The velocity components in y-
direction tend to be zero at the far end, and the two fluids flow parallel to each other 







Figure 4.8 Simulation results of the velocity field 
Fluid A: 98% glycerin water solution, density 31255 mKg=ρ , viscosity smPa ⋅= 939μ ; 
Fluid B: 70% glycerin water solution, density 31128 mKg=ρ , viscosity smPa ⋅= 8.22μ ;   
flow rate 0.28 smm 3  
 
Further simulations are done to consider other cases with different fluids and flow 
rates. Figure 4.9.a. shows the locations of the interface between two streams of 
water with different flow rates (0.28 smm 3  vs. 0.56 smm 3 ). When the flow rate 
changes (1.4 smm 3  vs. 0.28 smm 3 ), the interface changes to bend towards the fluid 
with the lower flow rate (Figure 4.9.b). The interface between two fluids with 
different viscosities (Figure 4.9.c, water with density 31000 mKg=ρ and viscosity 
smPa ⋅= 005.1μ  vs. 70% glycerine solution with density 31128 mKg=ρ and viscosity 







a. Simulation result of the interface between Water (lower, 0.28 smm 3 ) and Water (upper, 0.56 smm 3 ) 
 
 
b. Simulation result of the interface between Water (lower, 1.4 smm 3 ) and Water (upper 0.28 smm 3 ) 
 
 
c. Simulation result of the interface between Water (lower fluid, flowrate 0.28 smm 3  and viscosity 
smPa ⋅= 005.1μ ) and 70% Glycerine solution (upper fluid flow rate 0.28 smm 3  and viscosity 
smPa ⋅= 8.22μ  ) 
 




4.2 Experiments on bi-fluid flow in a micro channel 
In order to verify the BEM model, this bi-fluid flow in a micro channel is also 
studied experimentally using different fluids and different flow parameters. These 
experimental results are compared with the corresponding simulation results given 
by the BEM model.   
 
4.2.1 System setup and materials 
The microchannel and experimental setup used are similar to those in section 3.3.1. 
DI water and Glycerine aqueous solution with different glycerine concentration are 
pumped into the microchannel to flow side by side. DI water is dyed by red 
rhodmineB. The glycerine solution is transparent. UV light is used to activate the 
rhodmineB to show the red colour. The transparent glycerine solution does not show 
florescence under the UV light. Thus, the glycerine solution shows up as a dark 
region in the experiments. All experiments were observed from top view of the 
channel. Images of the bi-fluid flow in different channel segments were recorded 




Figure 4.10 shows a gray scale image of the two-fluid flow in the microchannel 




Figure 4.10 Typical gray image of the two-fluid flow in the microchannel 
 
Under the UV light, the dissolved rhodmineB in DI water shows up as high gray 
intensity in the images. The glycerine dilution, which has no dye, shows up as zero 
gray intensity. Between the two fluids, there is a small region where the 
concentration of rhodminB decays abruptly from high to almost zero. The 
distribution of the gray intensity along one cross section of the channel is shown in 
Figure 4.11.  
 
Figure 4.11 Gray intensity along one section of the channel 
 
This intensity distribution shows that there is a sharp change at the interface. Thus, 
when a proper threshold value is set, the interface can be identified by simple image 
processing, as shown in Figure 4.12. The flow chart of the image processing used to 
identify the interface is shown in Figure 4.13. In order to guarantee the uniformity of 
all the experiments, the exposure parameter of the CCD camera, the intensity of the 
Gray Intensity 






UV light on the micro-flow and the concentration of the rhodmineB in DI water 
were kept unchanged during the experiments. All the parameters used in the image 
processing, including threshold value for the edge found, were set to be unchanged 
for all image processing. 
 
Figure 4.12 Identified boundaries and interface after image processing 
 
 
Figure 4.13 Flow chart of the image processing 
 
Two sets of experiments are performed. In the first set, the two fluids used are DI 
water, one with red rhodmineB dye and the other without the dye. The DI water 
dyed by red rhodmineB is pumped into the channel at a fixed flow rate (10 hL /μ ). 
The DI water without rhodmineB is transparent, and the flow rate is varied from 
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In the second set, DI water and Glycerine solutions are used. The DI water is dyed 
with rhodmineB and pumped into the channel with a fix flow rate (10 hL /μ ). Three 
types of glycerine solution with different glycerine concentrations by mass (38.7%, 
55.8% and 71.6%) are used as the other fluid. This glycerine solution is pumped to 
flow parallel to the DI water. For each glycerine solution, the flow rate is set to be 
10,8,5,2 hL /μ . 
 
4.2.3 Comparison of experimental and simulation results 
To validate the simulation results, we firstly compared the interface shape with the 
experimental results. Figure 4.14 shows the superposition of the simulation results 
on the experimental image. In the experimental image, the axes and graduations are 
added to align the scale in x and y directions (Figure 4.14.a). Then, the 
corresponding numerical result is superimposed on the experimental image, keeping 
the axes and graduations aligned with each other. The imposed image (Figure 4.14.b) 
shows that the simulation result agrees with the experimental result. 
 
This comparison validates that the simulation of the interface using BEM is reliable. 
The simulation method can be used to predict the location of the interface between 




          
a                                                                          b 
Figure 4.14 Imposed simulation result and experiment result 
 
a. experimental image with axes and graduations. Two fluids are 70% and 98% glycerine water 
dilutions. Fluids flow from left to right. High light line in the middle shows the interface. 
b. Imposed image. Black line is the simulation result, background is the experiment result. 
 
In Figure 4.14, the width of the highlight region which represents the fluid interface 
is around 25 µm. There are two main reasons which cause this image of the interface. 
Firstly, the actual channel is 3-D in nature. Along the depth dimension (z), the fluid 
interface may not be flat and parallel to the side wall. It bends and shows up as an 
arc in the cross section(y-z plane). So, when we observe from the top view, we see 
the interface shown as a region with small width in x-y plane. Secondly, there is 
slight inter-mixing between the two fluids due to the diffusion between the two 
fluids. This diffusion layer is observed to be very thin in the experiments.  
 
Furthermore, the interface location for fully developed flows with different flow 
rates of the DI water and different concentration of the glycerine were also 
considered. All the experimental results of the interface locations were read from the 
middle of the microchannel where the flows are fully developed and the influence of 
the inlets and outlets are small enough. The comparisons between the simulation 
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results and experimental results when the two fluids are same (shown in Figure 4.15) 
or different (Figure 4.16) show that the simulation results are in good agreement 
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Figure 4.15 Comparison of the simulation results and the experimental measurements of the fully 
developed interface location at different flow rate ratios. The two fluids are both water. 
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Figure 4.16.a. Comparison of the simulation results and the experimental measurements of the fully 
developed interface locations at different flow rate ratios. The two fluids are 33% glycerine solution 
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Figure 4.16.b. Comparison of the simulation results and the experimental measurements of the fully 
developed interface location at different flow rate ratios. The two fluids are 50% glycerine solution 
and DI water.  
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Figure 4.16.c. Comparison of the simulation results and the experimental measurements of the fully 
developed interface location at different flow rate ratios. The two fluids are 67% glycerine solution 
and DI water.  
 
Figure 4.16 Comparison of the simulation results and the experimental measurements, the two fluids 
are water and glycerine solutions. 
 
Both the simulation results and the experimental results show that the viscosities and 
the input flow rates of the two fluids are two major factors that can influence the 
flow states and the interface locations of the two fluids. For two certain fluids, the 
location of the fully developed interface could be controlled by changing the input 
flow rates of the two fluids. The agreement of the simulation results and the 
experimental results shows a good ability of the BEM model in simulation of the 
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flow states. This numerical model will be used to predict the interface location and 




Chapter 5   
Particle Transport across Two-Fluid Flows (Similar Fluids) 
 
In today’s cellular analysis, many types of aqueous solvents are widely used. For 
instance, growth mediums are used to cultivate cells and phosphate saline buffers 
(PSB) are used to maintain the cells alive during the cellular analysis. All these 
solvents involve aqueous solvents with different solutes. These solutes are critical 
for the cells and the analysis procedures. For example, the growth medium cannot be 
used in flow cytometry because of the protein and glucose in the growth medium. 
The protein and glucose are necessary energy sources for cells cultivation, but in 
flow cytometry analysis, these energy sources affect the analysis results or even 
affect the instruments[21]. In order to perform the flow cytometry analysis, it is 
necessary to separate the cultivated cells from its growth medium and to re-dilute 
them to PSB or other suitable buffers. This re-dilution complicates the whole 
cellular analysis, and consequently increases analysis errors. Furthermore, this 
additional re-dilution process handicaps the integration of cell separation in lab-on-
chip systems. In order to simplify this separation and the re-dilution process, a new 
methodology is required to transport cellular particles across two aqueous solvents.  
 
Although the solutes in different solvents are critical for the cell cultivation and the 
cell analysis, the concentrations of these solutes in solvents are usually low. 
Consequently, the densities of the aqueous mediums are quite similar to that of DI 
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water. For example, a typical synthetic culture medium has the following 
compositions: 1000mL Distilled Water; 7.0g 42 HPOK ; 2.0g 42 POKH ; 1.0g 
424 )( SONH ; 0.1g 4MgSO ; 5.0g Glucose; 15.0g Agar. The density of this culture 
medium is only 3% higher than that of DI water. The sound speed in this culture 
medium is only 1.9% higher than the sound speed in DI water (approximate value 
calculated by the equation and data for different salt solution[92]). Such property 
difference between the mediums is considered negligible. Thus, in our study, if the 
property difference between the two fluids is less than 5%, we consider these two 
fluids as similar fluids, meaning that the physical property difference between them 
is negligible.  
 
In this chapter, particle motions in two-similar-fluid flows are analysed. Based on 
this analysis, an acoustic methodology is proposed to transport particles between 
two-similar-fluid flows. DI water contains different dyes and polystyrene particles 
are used in the proof-of-concept experiments. The experimental results show that the 





5.1 Methodology of particle transport between two similar-fluid 
flows 
5.1.1 Interface and particle motion across the interface 
As studied in chapter 4, when two fluids flow side by side in a microchannel, the 
flow is mainly governed by the fluids’ density, viscosity and flow rate. When these 
two fluids are similar, the differences in density and viscosity are negligible. 
Consequently, the interface is mainly determined by the flow rates. If the flow is 
fully developed and the flow rates of the two fluids are equal, the interface between 
two fluids lies in the middle of the channel. If the flow rates of the two fluids are 
different, the interface is shifted from the middle line of the channel. The width of 
the fluid with higher flow rate is broader than that of the fluid with the lower flow 
rate. However, the flow is not always fully developed throughout the whole channel. 
In view of the flow state, the channel can be treated as three different segments, 
shown in Figure 5.1: the entrance segment, the fully developed segment, and the exit 
segment. The entrance segment lies next to the two inlets. In this entrance segment, 
the two fluids meet. The fluid interface is curved, squeezing on the fluid with lower 
flow rate. The length of this segment is very short. After the entrance segment, the 
flow becomes fully developed. The interface between the two fluids becomes a 
plane interface which is parallel to the channel side walls. This fully developed flow 
state occupies most of the channel up to the exit segment. In this fully developed 
segment, the fluid with higher flow rate forms a wider stream than the fluid with 
lower flow rate. For the situations studied in chapter 4, this fully developed segment 
is much longer than the other two segments. The exit segment lies before the two 
outlets. In this segment, the flow state is influenced by the outlets. The interface is 
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also curved. The two fluids flow out the channel through the two outlets, with the 
wider stream being split into the two outlets. The narrower stream remains as a 
continuous flow in the outlet.   
 
Figure 5.1 shows a typical interface between two DI water with different flow rates 
( hL /10μ  and hL /30μ , simulation results in Chapter 4). Although the interface is 
curved at the entrance part, the flow is fully developed downstream in the channel. 
In the fully developed segment, the interface is 70.6 mμ  away from the middle line 
of the channel (channel width is 400 mμ ).  In the fully developed segment, the 
velocity profile is parabolic, and the interface becomes parallel to the side walls.  
 
Figure 5.1 Interface between two DI water with different flow rates 
 
If we suspend micro-particles in one of the fluids, these particles will flow within 
that fluid through the whole channel due to the laminar nature of the micro-flow 
(shown in Figure 5.2), and there is very little mixing. In other words, all these 











interface without any external forces. In order to transport these particles from its 
solvent to the other fluid, an external force perpendicular to the flow direction will 
be applied.  
 
Figure 5.2 Sketch of interface and suspended particles when two similar fluids have non-equal flow 
rates 
 
As analysed in chapter 3, an acoustic standing wave can move particles to the 
pressure node or pressure anti-node. This acoustic wave provides a possible way to 
transport particles in bi-fluid flow as the particles move to the pressure node[24,25]. 
When a standing wave is applied in our micro-channel, the acoustic pressure anti-
nodes lie at the two side walls. If the channel width is half of the wavelength, there 
is exactly one pressure node formed inside the channel. For the two-similar-fluid 
flow, the compressibility and density differences between two fluids are assumed to 
be negligible. So, the pressure-node of the standing wave lies at the middle line of 
the channel. The acoustic radiation force will move the particles with positive 
contrast factors (φ ) to the middle of the channel. As the interface is shifted from the 
middle line due to the unequal flow rates, particles suspended in the fluid with the 
lower flow rate will be transported across the interface and re-suspended in the other 
fluid with a higher flow rate (Shown in Figure 5.3).  Therefore, the cellular particle 
transportation between two-parallel-fluid flows can be realized using the acoustic 
radiation force. 
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Figure 5.3 Sketch of particle motion across the interface 
 
5.1.2 Outlet pressure difference and transported particle collection 
Due to the laminar nature of the micro-flow, the transported particles flow along the 
middle line of the channel downstream to the exit segment. In the exit segment, the 
flow is influenced by the outlets. In order to investigate this influence, a 2-D FEM 
model is simulated using COMSOL 3.3. Two cases with equal and non-equal outlet 
pressures are studied.  
 
FEM model in COMSOL 3.3 
The COMSOL module used for this simulation is the hydrodynamic module which 
is governed by the Navier-Stokes equations. The fluid in the whole channel is set to 
be DI water. The density is 1000 3mKg , and the viscosity is 0.001 sPa ⋅ . The 2-D 
flow rate ( sm2 ) is converted from the 3-D flow rate Q as follows: 
w
Qq = , 
where, q is the 2-D flow rate; Q  is the 3-D flow rate at the inlet; and w  is the 
channel depth. The velocity profiles at the cross section of the two inlets are set to 
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be parabolic. The boundary conditions at the outlet cross sections are set to be 
uniform pressure boundaries - 1P , 2P (shown in Figure 5.4). All the boundary 
conditions at the channel walls are non-slip boundary conditions. This flow problem 
is simulated using COMSOL 3.3. 
 
Figure 5.4 Sketch of the boundary conditions of the 2-D COMSOL model 
 
Simulation results & discussions 
Two streamlines are displayed in the results (Figure 5.5). The streamline which 
starts at the intersection point (point-A in Figure 5.4) indicates the interface between 
two fluids. The stream line which starts at the mid point (point-C in Figure 5.4) 
shows the particle traces after concentration, for the following reasons:  
a. The mid point (point-C) lies in the fully developed segment. In this segment, 
the streamlines are parallel to the channel walls along the flow direction. 
Thus, the streamline that start from the mid point coincides with the middle 
line of the channel in this segment. 
b. The pressure node of the standing wave lies at the middle of the channel. 















concentration. Thus, in the fully developed segment, this streamline shows 
the particle trace after concentration.  
c. If the acoustic field is only applied within the fully developed segment, no 
acoustic force acts on the particles in the exit segment and the outlets. Due to 
the laminar character, particles flow along the streamlines. Thus, the 
streamline which starts from the mid point indicates the concentrated 
particles’ traces in both exit segment and the outlets.  
 
Figure 5.5 Simulation results of velocity field and streamlines when the two outlet pressures are equal 
 
When the pressures at the two outlets are equal, the simulation results are shown in 
Figure 5.5. The streamline which starts from point-A indicates the interface. The 
streamline which passes through point-C coincides with the middle line of the 
channel in the fully-developed segment. In the channel downstream, this streamline 
coincides with the pressure node of the acoustic standing wave. Consequently, all 
the particles with positive φ -factors are supposed to be concentrated to flow along 
this streamline. This streamline stops at the split point (point-B). Thus, the 





concentrated particles statistically have equal chances to flow into the two outlets 
(shown in Figure 5.6). 
 
Figure 5.6 Transported particles flowing through the two outlets 
 
When the pressures at the outlet are different, the simulation results are shown in 
Figure 5.7. The streamlines in the entrance segment and fully developed segment are 
similar to those when the outlet pressures are equal. The flow states changes 
significantly in the exit segment and the outlets. The streamline indicating the 
interface in Figure 5.7 shows that, only a small part of the lower fluid flows into the 
upper outlet. The streamline coinciding with the pressure node passes through the 
lower outlet. Due to the laminar nature of the micro flow, all concentrated particles 
will flow along this streamline and will be collected at the lower outlet (Shown in 
Figure 5.8). Theoretically, no concentrated particles will flow into the upper outlet.  
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Figure 5.8 Sketch of the particle convergence with symmetric structure but different outlet pressure 
 
Thus, the methodology for the particle transport between two parallel similar 
solvents is summarised as follow: 
1. The two solvents for the particle transportation are similar fluids. The 
cellular particles with positive φ -factors are suspended in their original 
solvent. These two solvents are pumped into the microchannel through the 
two inlets separately. The flow rate of the solvent which contains the 
particles is set to be lower than the flow rate of the other solvent.   
2. An acoustic field is applied to form an acoustic standing wave between 
the side walls of the channel. Under this acoustic wave, the particles with 
positive φ -factors are concentrated towards the middle line of the channel 
where the pressure node lies. During this concentration, particles move 
across the interface between the two similar fluids.  
3. Outlet pressures are adjusted to change the flow in the exit segment. 
Transported particles which are flowing along the middle streamline are 
switched to flow through the outlet in their new solvent. Finally, 
transported particles can be collected in their new solvent at the outlet. 
P1=P0+p 
P2=P0 
Flow state changed due to the 
pressure difference p 
Flow direction
Red Water 
Q= hL /10μ  
Transparent water 
Q= hL /30μ  
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5.2 Experiment method and material 
A series of proof-of-concept experiments were designed to realize the transportation 
method proposed above. In these experiments, two dilutions with similar solvents 
are used. One solvent is DI water dyed with red rhodmine-B. In this red-colored 
water, green fluorescent polystyrene particles (Diameter = 10 / 20 mμ ) are 
suspended. The other solvent is transparent DI water which contains no particles. 
These two dilutions are pumped into the microchannel to flow side by side. UV light 
is used to active the rhodmineB and green particles. The observations were recorded 
by a CCD camera. The solvent dyed by rhodmineB shows red under UV light. The 
transparent solvent shows no light. The interface between these two solvents can be 
identified by investigating the red colour intensity changes in the recorded images, 
as in chapter 4. The polystyrene particles in DI water have positive φ -factors, so 
these particles converge to the pressure node when the acoustic standing wave is 
applied. The particles’ traces are recorded by a CCD camera. The experimental 
setup used in this experiment is the same system studied in chapter 3. Three cases 
have been performed in sequence to study the particle transportation experimentally:  
Case 1: Equal outlet pressures with no acoustic field. In this case, the red DI 
water stream and transparent DI water steam are pumped into the 
micro channel through the two inlets separately. The red stream has 
lower flow rate than the transparent stream. Polystyrene particles are 
suspended to flow within the red stream. No acoustic field is applied. 
The two outlets connect to two tubes with same length and diameter. 
These two tubes are connected to the atmosphere directly in order to 
guarantee the same pressure boundary conditions at the outlets.  
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Case 2: Equal outlet pressures with acoustic field. In this case, the flow states 
and the boundary conditions are same as those in case 1. The only 
difference is that the acoustic field is applied. The PZT is actuated by 
a 10Vpp sinusoidal voltage. The frequency is set to be 1.90MHz to 
match the acoustic standing wave between the channel side walls.  
Case 3: Unequal outlet pressures with acoustic field. In this case, the outlet 
pressures are set to be unequal. In order to adjust the difference in 
outlet pressure, the two tubes connecting to the outlets are immersed 
in DI water in two beakers separately. The diameter of these two 
beakers (80mm) is much larger than the diameter of the tubes 
(0.5mm). So the volume of the output fluid is negligible compared to 
the total water volume in the beakers. The outlet pressure is only 
determined by the height of the water present in the beakers. When 
the water in the two beakers have equal heights, the two outlets have 
equal pressures. By adjusting the water heights in the two beakers, 
the pressure difference can be adjusted. Since the two tubes have the 
same length, the pressure difference at the outlets of the microchannel 
can be consequently adjusted.  
 
5.3 Results and discussions 
Figure 5.9 shows an experimental image obtained for case 1. This image shows the 
identified interface between the two fluids in the microchannel. The black dots show 
the distribution of the particles when no acoustic field is applied. All particles flow 
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into the microchannel through the upper inlet. The distribution of the particles is 
confined between the upper wall and the interface. This distribution indicates that all 
particles flow within its original solvent and flow out of the micro channel through 
the upper outlet. The experiments were repeated 10 times and observation lasted 5 
minutes for each experiment performed. The results show that the particles flow 
within the original solvent along the microchannel and they flow out of the channel 
through the upper outlet. This result coincides with the theoretical analysis in section 
5.1.1.  
 
Figure 5.9 Experimental image of the fluid interface and particle distribution without acoustic field 
 
The result of experimental case 2 is shown in Figure 5.10. The identified interface in 
the outlet indicates that the red-colored stream of water (the particles’ original 
solvent) flows into the upper outlet. Together with this solvent, a small amount of 
the transparent stream also flows into the upper outlet. Thus, a mixture of the two 
streams is collected at the upper outlet. This result also shows the distribution of 
particles in the micro channel when an acoustic standing wave is applied. This 
particle distribution indicates that particles are concentrated to the middle of the 
channel. During the concentration, these particles move across the interface between 
the two fluids. After the concentration, particles flow to the outlets along the middle 
DI Water & Particles 
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portion of the channel. At the outlets, some particles flow into the upper outlet, 
while others flow into the lower outlet. Since the fluid collected at the upper outlet is 
a mixture of the two solvents, the particles flowing into the upper outlet are finally 
suspended into its original solvent. Only the particles that flow into the lower outlet 
are collected within its new solvent.  
 
Figure 5.10 Experimental image of the fluid interface and particle distribution with acoustic field 
with and same outlet pressures 
 
In case 2, the number of the particles flowing into the two outlets was counted 
separately, and divided by the total number of particles flowing through the 
microchannel. The percentages of these proportions (listed in Table 5-1) show that: 
when the pressures at the outlet are equal, concentrated particles have approximately 
equal chance to flow into the two outlets. 
Table 5-1 Statistic results of experimental case-2 
Particle 
Diameter 
Particle Amount Proportion 
through upper outlet (%) 
Particle Amount Proportion 
through lower outlet (%) 
Sample 
Size 
10 mμ  47.22 52.78 72 
20 mμ  44.44 55.56 117 
Flow rate of DI water with particles: 100 hL /μ ; Flow rate of DI water without particles: 400 hL /μ ; 
 
In case 3, the acoustic standing wave was applied in the microchannel; and the outlet 
pressures were set to shift the interface close to the split point (Point B). Figure 5.11 
DI Water & Particles 










displays the experimental image of the interface and particles in case 3. This image 
shows that the interface is shifted down in the exit segment. The red stream does not 
flow into the lower outlet. The particle distribution shows that the concentrated 
particles flow into the lower outlet. The numbers of the particles flowing through the 
two outlets are counted to show the proportions (Table 5-2). This statistical result 
shows that more than 90% particles can be transported and finally be collected in 
their new solvent.  
 
Figure 5.11 Experimental image of the fluid interface and the particle distribution when an acoustic 
field is applied with different outlet pressures 
 
Table 5-2 Statistic results of experimental case-3 
Particle 
Diameter 
Particle Amount Proportion 
through upper outlet (%) 
Particle Amount Proportion 
through lower outlet (%) 
Sample 
Size 
10 mμ  6.25 93.75 48 
20 mμ  8.40 91.60 119 
Flow rate of DI water with particles: 100 hL /μ ; Flow rate of DI water without particles: 400 hL /μ ; 
 
These three experimental results show that in the microchannel, the acoustic field 
could effectively transport particles from its original solvent into another parallel 
similar solvent across the interface. At the outlets, the outlet pressures mainly affect 
the particle collection. By adjusting the outlet pressures, more than 90% particles 
could be collected in a new solvent at the outlet. These transport experiments 
DI Water & Particles 
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indicates that the methodology proposed in this chapter could effectively transport 





Chapter 6   
Particle Transport between Two-Fluid Flows (Dissimilar 
Fluids) 
 
Although similar aqueous solvents are widely used in cellular analysis, fluids with 
different physical properties are often necessary for cellular analysis, especially for 
lab-on-chip systems. One of the main objectives of the lab-on-chip system is to 
provide an ideal portable analysis system so that blood sample analysis can be 
performed next to the patients conveniently and immediately [4,5]. To realize this 
function for lab-on-chip systems, cells in blood are required to be separated from the 
patient’s original blood samples and re-diluted into an appropriate aqueous solvent 
for the subsequent cellular analysis. The physical properties of original blood 
samples are quite different from the commonly used aqueous solvent, such as DI 
water or 0.9% saline buffer. From DI water to blood, the density changes by 5% 
(from 998 3/ mkg  to 1050 3/ mkg ), and the viscosity changes by 600% (from 
0.001 sPa ⋅  to 0.007 sPa ⋅ )[93]. Thus, in this case of dissimilar fluids, the 
methodology proposed in chapter 5 does not work well. Property differences 
between the dissimilar fluids should be considered to improve the acoustic transport 
methodology. In this chapter, the node shift due to the difference between the two 
dissimilar fluids is firstly studied. The concentration of particles in this two 
dissimilar fluid flow is simulated. The transportation of particles between these 
dissimilar fluid flows is analysed theoretically and studied experimentally. Finally, 
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the effect of the acoustic radiation force on the fluid interface is investigated to 
improve the accuracy of the model for the particle transport methodology for 
dissimilar fluids.  
 
6.1 Node shift in dissimilar-fluid flow 
As noted in chapter 4, when two fluids are pumped into a microchannel forming a 
parallel flow, the flow is mainly governed by the fluids’ density, viscosity and flow 
rate. In view of the low flow state, the channel can be treated as three segments: the 
entrance segment, the fully developed segment, and the exit segment. The fully 
developed segment is much longer than the other two. In this fully developed 
segment, the interface between the two fluids is a plane interface which is parallel to 
the channel side walls (shown in Figure 6.1). When an acoustic field is applied 
between the two side walls, this acoustic field can be simplified as a one-
dimensional acoustic problem across the channel width (along y-direction shown in 
Figure 6.1). When the mixing between the two fluids is negligible, there is a distinct 
interface between these two fluids.  
 















































B ψψ   21 LyL ≤≤  ,   (6.2) 
where, y is the coordinates along channel width; ψ  is the velocity potential; c is the 
speed of the sound; subscripts A and B represent the two different fluids respectively; 
2L  is the width of the channel; 1L  is the distance of the interface from the origin at 
the lower wall. These quantities have been shown to be functions of the flow rates, 





















































where Aρ  and Bρ  are the densities of the two fluids. The natural frequencies of this 










































which is obtained when the determinant of the coefficient matrix of the above set of 
equations is zero. The variable ω  is the natural frequency of the system. When the 
two-fluid system vibrates at these frequencies, standing waves are set up between 
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the side walls. Equation 6.3 is an implicit function of ω , which can be solved 
numerically. 
 
To study the phenomenon of this two-fluid system operating on its fundamental 
frequency we analyze two cases where the two fluids are the same and different 
(Figure 6.2) for comparison. When two fluids are the same, the pressure node of the 
standing wave lies in the middle of the channel (shown in Figure 6.2.a.). Due to the 
acoustic radiation force, particles with positive contrast factors, such as polystyrene 
particles in water and erythrocyte cells in blood, will concentrate in the middle of 
the channel where the pressure node lies; particles that have negative contrast factors, 
such as lipids and leucocytes in blood, will concentrate at the side walls.  
              
a                                                             b 
Figure 6.2 Node shift in two fluids case 
a. The acoustic pressure node lies at the middle of the channel when two fluids are same (dotted line);  
b. Pressure node is shifted from the middle line for two-different-fluid fluids. Fully developed 
interface location is calculated based on the flow-rates, density & viscosity of the two fluids. 
(Parameters used: upper fluid: DI water, flowrate 600 hL /μ , viscosity 1.005 mPa·s; sound speed 
1435 m/s; lower fluid: 40% glycerine water solution, flowrate 150 hL /μ , viscosity 3.7 mPa·s, sound 
speed 1640 m/s.) 
 
When two different fluids exist in the channel side by side to form the interface, the 
pressure node no longer stays at the middle line due to the different acoustic 
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properties between the two fluids. It shifts into the fluid which has a shorter wave 
length (the top fluid in Figure 6.2.b). The pressure anti-nodes are still at the walls.  
 
6.2 Particle transport between two dissimilar fluids 
6.2.1 Particle convergence in bi-fluid flow 
The model for particle motion developed in section 3.1 can also be used to simulate 
the particle trace in bi-fluid flow. In the bi-fluid case, the governing equations of the 
particle motion (Equation 3.6) are still used. However, the flow velocity along x 
direction (Equation 3.5) should be obtained from the bi-fluid case (described in 
Chapter 4 and simulated by the BEM model); the acoustic force (Equation 3.7) 
should correspond to the distribution of the standing wave base on the 1-D acoustic 
model with two different regions (described in Section 6.1). And the expression of 
the drag force should use different viscosities in each of the two fluid regions. This 
combination of the particle motion model with the bi-fluid Stokes flow model and 
the two-region acoustic standing wave model can be used to simulate the particle 
traces in the bi-fluid flow. In the simulation results shown in Figure 6.3, the upper 
fluid (Fluid B) has the shorter wave length than the lower fluid (Fluid A). Thus, if 
the flow rates of the two fluids are adjusted so as to locate the fluid interface at the 
centre of the channel, the pressure node is shifted up. The simulation results of the 
particle traces (shown in Figure 6.3) demonstrate that particles suspended in the 





Figure 6.3 Particle convergence trace in bi-fluid flow 
 
Vice versa, if the lower fluid has shorter wave length than the upper fluid, the 
pressure node will be shifted down into the lower fluid, and polystyrene particles in 
the upper fluid will be transported into the lower one by the acoustic radiation force. 
This analysis of the particle motion demonstrates that the acoustic radiation force 
can move particles with positive contrast factors from one fluid into another.  
 
6.2.2 Methodology of particle transport 
Due to the laminar flow in the micro-channel, particles suspended in one fluid will 
flow within that fluid throughout the channel, when there is no acoustic field (Figure 
6.4.a). When an acoustic standing wave is established between channel walls, 
particles with positive φ -factors will experience an acoustic radiation force 
perpendicular to the flow direction. This acoustic radiation force causes the particles 
to concentrate at the pressure node as the particles flow in the micro-channel. As 
analysed in section 6.1, the acoustic pressure node is shifted up from the middle line 
of the channel, hence, all the particles concentrated at this pressure node will flow 








flow system enables the transport of particles from its original solvent to another 
new solvent which is collected from the upper outlet.  
 
a. Without Acoustic field                                     b. With Acoustic field 
Figure 6.4 Sketch of particle distribution in dissimilar fluids 
a. Particles are suspended within its original solvent throughout the micro channel and flow out 
through the lower outlet; b. Particles are transported from its original solvent into the other solvent, 
then flow with the new solvent through the higher outlet;  
 
The above analysis of the two-dissimilar-fluid flow supposes that the two fluids are 
immiscible so that there is a clear interface between the two fluids. However, most 
fluids used in cellular analysis applications are aqueous solvents which are miscible 
with each other. When these two miscible fluids flow parallel in the micro-channel, 
they tend to mix at the interface. The interface becomes a region of finite thickness 
instead of a sharp ideal interface between two immiscible fluids. This mixing 
phenomenon is governed by the diffusion between the two fluids. The thickness of 
this layer between two miscible fluids depends on the diffusion coefficients and flow 
speeds of the two fluids.  With a relatively high flow speed, this diffusion layer 
remains thin. Thus, at relatively high flow speed, this diffusion layer can be treated 
as an interface between the two fluids. The above analysis of the node shift and 
particle transport can be used as reasonable approximation.   
 







The methodology for the particle transport between two parallel dissimilar solvents 
is summarized as follows: 
1. The two solvents for particle transport are dissimilar fluids. The cellular 
particles have positive contrast factors in both fluids, and they are 
suspended in its original solvent. There two solvents are pumped into the 
microchannel through the two inlets separately. The flow rates of the two 
fluids are set to ensure that the pressure node of the acoustic wave lies in 
the fluid which does not contain the cellular particles.   
2. An acoustic field is applied to form an acoustic standing wave between the 
walls of the channel. Under this acoustic wave, the particles with positive 
φ -factors are concentrated to the pressure node. During this process, 
particles move across the interface between the two dissimilar fluids.  
3. Outlet pressures may be adjusted to change the flow in the exit segment 
when necessary. Transported particles at the acoustic pressure node flow 
through the outlet in their new solvent. Finally, transported particles can be 
collected in their new solvent at the outlet. 
 
6.2.3 Experimental results and discussions 
In order to realize the particle transport between two fluids, proof-of-concept 
experiments have been performed in our H-shape micro channel system. A function 
generator provides 10Vpp sinusoidal voltages to actuate the piezo-ceramic 
transducer. The excitation frequency is chosen to set up a standing wave, whose half 
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wavelength corresponds to the channel width of 400μm. The two aqueous solutions 
used in the experiments are 40% glycerine aqueous solution (Fluid A in Figure 6.4) 
and deionized water (Fluid B in Figure 6.4). Polystyrene particles with 20μm 
diameter were used to mimic blood cells. The φ -factor of these polystyrene particles 
is positive for both water and glycerine aqueous solution. All experiments were 
observed from top view via a microscope with CCD camera.   
 
The distribution of particles downstream along the channel width was counted for 
two cases: with and without acoustic field. The total width of the channel (400 mμ ) 
was divided into forty parallel regions of equal width (10 mμ ). In each region 
downstream, the number of particles present was counted. This number was divided 
by the total number of the particles flowing through the microchannel to obtain the 
particle distribution downstream along the channel width. The results for both cases 
are compared in Figure 6.5.  
 
Figure 6.5 Experimental results of particle distribution along channel width in dissimilar fluids 
The flowrate of glycerine solution (Fluid A) is 150 hL /μ ; the flowrate of deioinzed water (Fluid B) is 
600 hL /μ ;. Voltage applied to the PZT is 10Vpp at 1.965MHz. The total sample size is 149 particles 





The trend lines of the distribution (Figure 6.5) show that without acoustic field, 
particles flow within their original solvent and they were collected from the lower 
outlet. With the acoustic field, particles will concentrate to the node which is shifted 
up from the middle line of the channel, and they were collected from the upper 
outlet. 
 
The procedure is repeated for two cases of different flow rates as follows.  
Case 1: Fluid A is 40% Glycerin solution with 20 mμ  particles, at a flow rate 
of 100 hL /μ . Fluid B is deionized water at a flow rate of 400 hL /μ . 
Voltage applied to the PZT is 10Vpp at 1.965MHz. Total sample 
size is 98 (with acoustic) and 64 (without acoustic).  
Case 2: Fluid A is 40% Glycerin aquatic solution with 20 mμ  particles, at a 
flow rate of 150 hL /μ . Fluid B is deionized water at a flow rate of 
600 hL /μ . Voltage applied to the PZT is 10Vpp at 1.985MHz. Total 
sample size is 149 (with acoustic) and 96(without acoustic). 
The results show that under the action of acoustic field, most of the particles were 
transported from their original (lower) solvent into the upper solvent and collected at 
the other outlet.  
Table 6-1 Percentage of particles collected at two outlets 
Condition Percentage of Particles at Outlets (%) 
 Case 1 Case 2 
 Lower Outlet Upper Outlet Lower outlet Upper Outlet 
Without Acoustic 68.75 31.25 81.25 18.75 




These experimental results demonstrated the use of acoustic radiation force to 
transport particles across an interface between two dissimilar fluids. Polystyrene 
microbeads, with positive φ-factor in both solvents, were transported from one 
solvent to the other solvent where the pressure node lies. A significant change in the 
particle distribution and proportion of particles collected downstream was observed 
when the acoustic field was turned off and on.  
 
6.3 Experimental studies on the effect of acoustic field on bi-fluid 
interface 
In the previous study of the particle transport experiments, the particle transport 
efficiencies of dissimilar fluids (around 70% in section 6.2) are lower than the 
transport efficiencies of similar fluids (more than 90% in section 5.3). In our study, 
we observed that the interface between the two dissimilar fluids deforms when the 
acoustic field is applied. This interface deformation caused by the acoustic field is 
not observed in the case of two similar fluids studied in Chapter 5. This interface 
deformation could be the main reason which causes the low transport efficiency of 
dissimilar fluids.  
 
In order to understand the effect of the acoustic field on a dissimilar-fluid interface, 
a series of experiments were performed. In these experiments, 66.7% glycerine 
water solution and DI water dyed with red rhodmineB are used as two dissimilar 
fluids. These two fluids are pumped into the microchannel to form parallel fluid 
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flows (shown in Figure 6.6). Under UV light, the region of DI water is red, and the 
region of the glycerine solution is dark. All images of the flow states and the 
interface were recorded by a CCD camera when the flow reaches steady state. The 
interface for each experiment was identified from the recorded images using the 
method discussed in Section4.2. Firstly, different values of voltages were applied to 
activate the PZT transducer at the resonance frequency of the system, in order to 
study how the interface behaves at different acoustic intensities in the microchannel. 
Secondly, the voltage applied on the PZT transducer was fixed, and the frequency 
was varied to study its effect on the interface deformation. Finally, the output 
volume flow rates at different acoustic intensities were also measured at the two 
outlets separately.  
 
Figure 6.6 Sketch of the dissimilar fluids flow in a micro-channel 
 
6.3.1 Interface deformation at different acoustic intensities  
Figure 6.7 shows the recorded images and the corresponding identified interface 
locations of the dissimilar-fluid flow in the micro channel, when the flow rates of 
both fluids are 0.1 mL/min. A sinusoidal voltage working at 1.88MHz is applied to 
the PZT transducer. The magnitude of the voltage applied varies from 1Vpp to 6Vpp. 
Figure 6.8 shows the corresponding comparison of the identified interface. Figure 
6.9 shows the recorded images and corresponding identified interfaces when the 
Red Water  QA 
Transparent Glycerine solution QB 
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flow rates of the two fluids are 0.2 mL/min. The magnitude of this voltage varies 
from 1Vpp to 9Vpp. Figure 6.10 gives the comparison of the identified interface.  
 
The experimental results indicate a shift of the interface under different acoustic 
intensities. Comparison of the locations of the interface shows that when the 
acoustic field is applied, the interface was shifted downwards towards the lower 
fluid as the voltage is increased. This trend could be attributed to the acoustic 
radiation force acting on the interface of two dissimilar fluids. A higher voltage 
applied to the PZT generates a higher acoustic energy density in the channel, and 






Figure 6.7 Recorded images and identified edges when flow rate is 0.1 mL/min 
frequency = 1.88 MHz; 
 
 















Figure 6.9 Recorded images and identified edges, (flow rate is 0.2mL/min; frequency=1.88MHz) 
 
 
Figure 6.10 Comparison of the identified interfaces (flow rate is 0.2 mL/min) 
 
Flow rate = 0.1 mL/min
Flow rate = 0.2 mL/min








6.3.2 Interface deformation at different acoustic frequencies 
When the magitude of the voltage on the PZT was fixed, and the frequency of the 
sinusoidal exciting voltage was varied, the interface location at different acosutic 
frequencies was studied. Figure 6.11 shows the interface locations when the 
frequency of the acoustic excitation is varied from 1.8MHz to 3MHz. In this case, 
the flow rates of both fluids are set to 0.1mL/min. The voltage applied on the PZT is 
set to be a constant (3Vpp) for all frequencies. Figure 6.11.a shows the interface 
locatons at different frequencies identified from the experiments. Figure 6.11.b 
shows the normalized iterface location at different slices  downstream. The interface 
location across the channel is measured at different slices downstream along the 
flow direction (x=450µm, 1544µm, 1816µm, 1962µm), and all the values of these 
interface locations are normallized by the value at 3MHz. The experimental results 
show that the interface is shifted as the fluids flow downstream. The interface does 
not bend too much near the entrance as it is restrained at the inlets. In the region 
where the interface is deformed, the interface location changes drastically around 
2.02MHz. For the frequency range between 2.4MHz and 3MHz, the normalized 
interface location is stable, and remains virtually unchanged. The main reason for 
the large displacement of the interface in the small frequency band (around 2MHz) 
is due to the resonance of the two-fluid system. When the system reaches resonance 
the acoustic energy density increases drastically. So significant deformation of the 








b. Normalized interface location at different slice when frequency varies 
 
Figure 6.11 Interface locations at different frequencies 
Voltage on PZT: Vpp = 3V; All the interface locations were normalized by the location at 3MHz 
frequency. Solid line indicates the normalized interface changes at section mx μ450= ; Dotted line 
for section mx μ1544= ; Dashed line for section mx μ1816= ; Dashed-dotted line for section 
mx μ1962=     
 
6.3.3 Interface deformation and the direction of the acoustic radiation force 
Assuming a plane interface between two fluid media (shown in Figure 6.12), an 
acoustic beam passing through the fluid interface will provide a time averaged 





Figure 6.12 Sketch of a beam through a fluid interface 
 
The studies of Beyer[94] showed that the direction of this acoustic radiation pressure 
is only a function of the acoustic properties of the two fluids. This direction of the 
pressure is independent of the direction of the acoustic beam. The acoustic radiation 
















cEppPnet ,                     (6.4) 
where subscripts 1 and 2 indicates the two fluids separately; 1E  is the time 
averaged acoustic energy density of the incoming acoustic beam; c is the speed of 









= ,                                                (6.5) 
where ρ  is the density of the medium. Since the direction of the net pressure does 
not depend on the direction of the beam propagation, and the energy density 1E  is 






























According to the acoustic properties of the two fluids studied in this section (listed 
in Table 6-2),  the net pressure at the fluid interface is, 
121 265.0 EppPnet =−= ,                                    (6.6) 
which means that the acosutic radiation pressure at the interface points from the DI 
water to the glycerin water solution. This direction of the presssure agrees with the 
direction of the interface deformation (from the DI water to the glycerin solution 
downwards shown in Figure 6.8 and 6.9).  
Table 6-2 Acoustic properties of the two fluids used in experimental studies 
  Density (kg/m3) Speed of sound (m/s) 
Fluid-1 DI water 1000 1500 
Fluid-2a Glycerine solution (66.7%) 1186 1789 
a. linear interpolated values from manufactory’s data sheet 
 
6.3.4 Output flowrate changes at different acoustic intensities 
When the acoustic field deforms the interface between two dissimilar fluids, it also 
changes the output flowrates at the two outlets. The output volumes (V1 at the upper 
outlet and V2 at the lower outlet shown in Figure 6.13) were collected separately 
within a given time period (T), and the output-volume-flowrate can be calculated, 
T
V
Q ii = ,                                                    (6.7) 
where the subscript 2,1=i  indicates the upper and lower outlets, respectively. The 
two dissimilar fluids used in the experiments are 67% glycerine water solution 
(input throught the lower inlet) and DI water (pumped into through the upper inlet 
with Rhodmine-B dye). The time period T used for each experiment is 10 minutes. 
The input volume flowrates for both fluids are set to be 0.1mL/min at the syringe 
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pump. Thus, the total volume flowrate into the micro channel should be 0.2mL/min. 
During the time period (T=10min), the total input volume is 2 mL. The measurement 
accuracy of the experiment is 0.005mL. The experimental error of the flow rate 
measurement is 0.25%. Two different voltages (Vpp = 9V and Vpp = 10V) were 
used and the results were compared with that without acoustic field. The PZT was 
working at the frequency 1.88MHz. Figure 6.13 shows the gray scale images of the 
flow in the channel when different voltages (0V,9V,10V) were applied to the PZT. 
All the experiments were performed in the same setup and each measurement was 
taken when the flow had reached its steady state.  
 
 
Figure 6.13 Images of the interface (experimental results) 
 
The corresponding total output volume flowrate (Q1+Q2) are plot in Figure 6.14. The 
results show that the total output volume flowrates are very close to the control 
values set at the syringe pumps (0.2ml/min). The maximum deviation in the 
experiments is 4%. This small error indicates that the total flowrate at the outlets is 









Figure 6.14 Experimental results of the total output flow rate at different voltages 
 
Since the total output flowrate (Q1+Q2) remains fairly constant constant for all cases, 




QRout = ,                                                    (6.8) 
is calculated to show the relation between the two output flowrates. The variation of 
the flowrate ratio (shown in Figure 6.15) indicates that the flow is redistributed into 
the two outlets according to the acoustic intensity.  
 
Figure 6.15 Experimental results of the output-flowrate ratio at different voltages 
 
This study shows that the acoustic intensity changed the interface to narrow one of 
the fluid regions (the lower fluid flow shown in Figure 6.13). As a result, the fluid 
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from the ‘upper’ inlet gets dragged to the lower region of the microchannel. The 
flow region of the upper fluid was broadened as the lower fluid’s region was 
narrowed. Downstream, the distribution of these two fluids into the outlets was 
correspondingly changed. This applied acoustic field can only change the 
distribution of the two fluids, but the total flowrate of the two fluids remained as the 
sum of the values set at the syringe pumps.  
 
6.4 Acoustic radiation force on the interface  
The experimental studies show that the interface is deformed when the acoustic field 
is applied within the microchannel. This phenomenon was only observed when two 
dissimilar fluids were used. In the cases with similar fluids (Chapter.5), no interface 
deformation was observed when the acoustic field was applied. These observations 
indicate that the deformation of the interface comes from the differences in material 
properties between the two dissimilar fluids. In the microchannel experiments, the 
flow is laminar, and the diffusion between the two fluids is slow. Thus, the interface 
between the two fluids is approximated as a sharp interface where the acoustic 
properties changes sharply from one medium to another medium. According to the 
acoustic radiation force theory[94,95], there are acoustic radiation tractions acting on 
the interface between the two different fluids. A model based on the above 





6.4.1 2-D acoustic model of the micro-system 
In the experimental setups, the PZT transducer is placed beneath the microchannel 
(shown in Figure 6.16). This PZT transducer works in its thickness mode, vibrating 
in the z-direction. The width of the PZT actuator along the x direction is long 
enough so that the PZT covers the entire micro channel. Thus, the acoustic field 
along the x direction is assumed to be uniform. The acoustic problem is, 
consequently, simplified as a two dimensional acoustic problem within the slice in 
the y-z plane (Shown in Figure 6.16). Figure 6.17 gives a sketch of the two 
dimensional model of this problem. In this model, the flow within the microchannel 
is assumed to be fully developed and the interface between the two fluids is assumed 
to be a plane interface parallel to the channel side walls. The transient flow 
behaviour of the fluid flow is not taken into account in this acoustic model. The 
material properties used in this model are listed in Table 6-3.    
 














Figure 6.17 Sketch of the 2-D structure of the microchannel and PZT transducer 
 
 
Table 6-3 Geometry and material properties 
Layer PZT  Silicon Water Glycerine 
solution (66.7%) 
Pyrex 
Sound speed(m/s) 3528 a 8433 c 1500 f 1789 f 5500 c 
Density (kg/m3) 7500 a 2530 c 1000 f 1186 f 2330 c 
Elastic stiffness constant  (Gpa)   100 a 166 c       2.25 f           3.91 f     70 c 
Eff. Acoustic quality factor   350 d 1000 d   150 d 140 e 1000 e 
      
Dielectric constant (F/m) 18.86e-9 a     
Piezoelectric constant (N/Vm) 27.778 a     
Electric area (mm2) 30.0 b     
Tangent of dielectric  
coupling factor 
  0.002 a     
Electromechanical  
coupling factor 
  0.48 a     
 
a. value from Sparkler Ceramics Pte Ltd, the manufactory of the transducer; 
b. measured value  
c. value from reference [89] 
d. value from reference [96] 
e. value estimated 
f. value from handbook [91] or value interpolated from manufactory’s data sheet 
 















This 2-D acoustic model can be treated in two parts: the PZT transducer and the 
microchannel with the fluid region and pyrex cover. Continuity boundary conditions 
in tractions and displacements are ensured at the interface of these parts.  
 
Simplification of PZT Transducer 
The PZT transducer used to provide acoustic vibration is a layer of piezo-ceramic 
coated by electrodes on both sides. The thickness of the coated electrode is small 
compared to the thickness of the piezo-ceramic layer. Under the electric field 
applied, the ceramic layer vibrates in its thickness mode along z-direction. Figure 
6.18 shows a sketch of this transducer and the electric circuit. Assuming the 
thickness of the piezo-ceramic layer is lp and the thickness of each electrode is le, the 
location of each layer is shown in Figure 6.18.   
 
Figure 6.18 Sketch of the 1-D PZT transducer 
 
Based on the linear theory of piezoelectricity, for the quasi-static electric 
approximation, the coupled electric field and the deformation in a piezoelectric 
medium can be described by electric potential ϕ , dielectric displacement D , 




u(z),T(z), φ(z), D(z) 
Electrode 1  
















dueD ϕε−= .                                            (6.10) 
where, x  is the location vector, C is the elastic constant, e is the piezoelectric 
constant, and ε  is the dielectric constant. In order to study the vibration of the PZT 
transducers, many mathematical approaches, such as the electro-acoustic equivalent 
circuit method [97], the transmission line model [98], or the transfer matrix 
approach[99-102] have been proposed. The transfer matrix approach is used here as it 
shows clear relationship between the variables (u ,T ,ϕ  , and D ), especially on the 
boundaries. Analyzed by the transfer matrix approach (see details in Appendix), the 
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M ,        (6.12) 
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is the transfer matrix of the piezo-ceramic layer; Ck p ρω=  is the wave number 
in this layer; ω  is the angular frequency of the time-harmonic vibration; ρ is the 
density of the piezo-ceramic; ε2eCC +=  is the piezo-electrically stiffened elastic 
constant; and the subscript p represents the piezo-ceramic layer.  
Assuming that the electrodes are ideal and the thickness of the electrodes is quite 
small compared with the PZT thickness, the electrodes can be treated as a perfect 
conductor, and the transducer can be further simplified as a PZT with two surfaces 
connected to the outer electrical circuit as shown in Figure 6.19. The total resistance 
of the outer circuit (R) is treated as two parts to make the problem symmetric.  
 
Figure 6.19 Sketch of the simplified PZT and circuit 
 
Since there is no free charge inside the PZT, we have, 
)0(,0 plzD <<=⋅∇    .                                          (6.13) 
For the one dimensional problem, the electric displacement is uniform inside the 
PZT, 
)0(, pp lzDD <<=    .                                        (6.14) 















)0(,0 plzzD ><= or     .                                    (6.15) 
From the outer domain to the inner domain of the PZT, the electric displacement 
jumps at the interface as shown in Figure 6.20.  
 
Figure 6.20 Distribution of the electric displacement 
 
Using the superscripts i and o to represent the inner and outer variables of the PZT 
surfaces, and the subscripts 1, 2 to represent the two surface respectively, we have 
pp
oi DDDD =−=− 011 ,                                   (6.16.a) 
pp
io DDDD −=−=− 022 .                                  (6.16.b) 
From Maxwell equations, we know the currents flowing to the surfaces are 
ADDjI io )( 111 −= ω ,                                      (6.17.a) 
ADDjI oi )( 222 −= ω ,                                      (6.17.b) 
where A is the effective area of the surface; ω  is the time harmonic angular 
frequency. Since datum of the electric potential is arbitrary, we can set the electric 









=−= ϕϕ ,                                            (6.18) 
where U  is the voltage applied on the PZT. From surface 1 to surface 2, the electric 
potential inside the PZT pϕ  varies from 1ϕ  to 2ϕ  continuously. Thus, we can also 

















−−= ϕ .                                  (6.19.b) 
where R is the total resistance of the circuit outside the PZT; and 0U  is the potential 
difference provided by the voltage source. So, considering Equations 6.16 to 6.19, 





0                                                (6.20) 
Using Equations 6.18 and 6.20, the relationship between the variables at two 
surfaces (Equation 6.11) can be further simplified. Since the components of the 
transfer matrix pM  only depend on the material properties of the PZT and the 
geometry of the transducer, if the electrical circuit parameters together with the 
mechanical boundary conditions at 0=z  are known, Equation 6.11 can be 
expressed (details of the derivation are shown in Appendix) as 
bzuazT +⋅= )()( ,                                           (6.21) 
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where, a and b are constants determined by the given boundary conditions at the 
bottom of the PZT (surface 2) and the circuit parameters U0 and R. Expressed as 
Eq.6.21, the parameter a could be treated as an equivalent spring constant, and b is 
equivalent to the applied force due to the electric field. 
 
2-D acoustic model of the microchannel 
The microchannel with the fluid region and pyrex cover in Figure 6.21 is modelled 






p ω ,                                           (6.22) 
where, p is the acoustic pressure, c is the sound speed in the medium, and ω  is 
angular frequency of the acoustic field.  
 
Figure 6.21 Sketch of the 2-D microchannel model and boundary conditions 
 
Continuity boundary conditions are applied at the internal boundaries. The whole 
structure is working in air, thus, the impedance boundary conditions of air is applied 
at the upper boundary and side boundaries. At the bottom boundary, the traction and 












displacement continuity with the PZT transducer is applied. From the analysis of the 
PZT transducer, we know the relation between the traction (T) and displacement (u). 
Thus, the boundary condition at the base takes on a Robin boundary condition. 
According to the definition of the traction(T), displacement (u), and the acoustic 
pressure (p), we have: 








.                                             (6.24) 
Substituting Eqs.6.23 and 6.24 into Eq.6.21, we obtain the Robin boundary 











,                                    (6.25) 
where, a and b are parameters calculated from the transducer model. This 2-D 
acoustic problem is simulated to generate the pressure field using FEMLAB 3.3.   
 
6.4.2 Acoustic radiation stress at the interface 
The time-averaged acoustic radiation stress tensor acting on the interface is given by 
Beyer[94]: 
jiijij uup 0ρδ −−=S .                                (6.26) 
where, p is the acoustic pressure; iu  is the i-th component of the particle velocity 
field vector;  donates the time average over one cycle; 0ρ is the density of the 
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medium. When the acoustic field is given, this time averaged acoustic stresses on 
both sides of the interface were calculated using Equation 6.26.  
For the simplified 2-D acoustic model of the micro channel, the acoustic field is 
simulated using FEMLab 3.3. Based on this simulation result, the acoustic traction 
acting on the interface can be calculated. Since the experiments were observed from 
the top view of the channel, the observed results indicate the averaged phenomenon 
along the channel depth (z-direction). Thus, we used the averaged acoustic tractions 
along the vertical interface in order to compare the simulation results with the 
experimental results. Figure 6.22 shows the averaged acoustic traction along the 
interface at different interface locations across the width of the channel (Y-direction 
in Figure 6.16).  
 
Figure 6.22 Averaged acoustic radiation traction on the interface 
Location of the interface varies from 50 µm to 350 µm. The voltage applied on the PZT is 10Vpp. 
The frequecy of the acoutic field is 2.3MHz.  
 
For the various interface locations the volume of fluid on each side of the interface 
changes. This variation results in different natural modes of the two-fluid system. 
Since the excitation frequency is fixed, when the natural frequency approaches to 
the excitation frequency, the system shows a large amplitude as the frequency gets 
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near to resonance. Consequently, the corresponding averaged acoustic radiation 
force shows a peak in the curve, shown in Figure 6.22. Although the acoustic 
radiation force was averaged along the interface, the acoustic simulation was 
performed in a 2-D model. Thus, the system of the two fluids has multiple vibration 
modes, and the curve may show multiple peaks in the simulation region of the 
interface location.  
 
6.5 Model for shift in interface 
When an acoustic field is applied within the micro channel, the interface is observed 
to be shifted or deformed as shown in section 6.3. Figure 6.23 shows a series of the 
deformed interface when the PZT transducer is working at various voltages.  
 
Figure 6.23 Identified interface from the experimental images 
 
From chapter 4, we know that when there is no acoustic field within the channel, 
only hydrodynamic forces act and hence determine the location of the interface. The 
steady state interface can be simulated by the 2-D BEM model discussed in chapter 
4. When the interface is deformed from this location, the hydrodynamic tractions 
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acting on both sides of the interface are no longer balanced. The hydrodynamic 
traction jump normal to the interface will be balanced by the acoustic radiation force 
when the PZT is turned on. This hydrodynamic traction jump TΔ  is calculated given 
the deformed interface locations as follows, 
TnB
n
A Δ=+ tt                                               (6.27) 
The boundary conditions at the interface for the BEM model become: 
ττ
BA tt = ,                                                     (6.28) 
ττ




A uu = ,                                                    (6.30) 
where, t and u are the traction and velocity vector in global coordinate respectively; 
the subscripts A and B refer to the two fluids separately; the superscripts n and τ  
refer to the normal and tangential directions, respectively.  
 
For each identified interface location shown in Figure 6.23, the hydrodynamic 
traction jump TΔ  at the deformed interface is calculated using the BEM model and 
compared with the acoustic radiation force (shown in Figure 6.24 – 6.26). The 
acoustic radiation force acting on the interface is calculated by the model in section 
6.4. The direction of these acoustic forces opposes the jump in hydrodynamic 



















The above analysis indicates that the acoustic radiation force has caused the 
interface to be deformed from its original location when the acoustic field is not 
present. Although the device used in experiments is 3D in nature, the present model 
used 2D cross-sections to simulate the acoustic and hydrodynamic forces. The forces 
are found to be of the same order of magnitude in each case of the voltage applied. 
This is probably due to the difficulties in identifying the interface locations 
accurately from the experiments. Also, material properties of the fluids are based on 
the values published in handbooks, and these may vary slightly in the actual fluids 
used in the experiments.  
 
The estimation of the deformed interface location is critical for the particle transport. 
Based on the deformed interface location when the acoustic field is applied, the 
pressure node location within the channel can be determined more accurately. Using 
the un-deformed interface location will lead to erroneous estimation of the pressure 
node position. Also, the flow rate of the two dissimilar fluids can be properly chosen 
to further adjust the interface location in the presence of the acoustic field. 
 
6.6 Diffusion between bi-fluid flows 
In our studies, the interface between the two fluids was assumed to be ideal. The 
diffusivity between the two fluids was assumed to be zero, and consequently, the 
thickness of the diffusion layer is also assumed to be zero. Figure 6.27 shows a 
typical gray-scale image with the corresponding gray intensities at different cross 
sections of the bi-fluid flow (studied in Chapter 4). If we define the interface as the 
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region where the normalized gray intensity changes from 0.2 to 0.8, the thickness of 
fluid interface can be measured from the experimental images of the bi-fluid flows. 
Table 6.4 shows the measured thickness of the interface at different channel sections 
for the various cases. These experimental results show that the maximum thickness 
of the interface is about 10% of the whole channel width. These results indicate that 
it is reasonable to simplify the interface as an ideal interface, although small errors 
maybe present in the idealized model. 
 
Figure 6.27 Gray image of the bi-fluid flow and corresponding normalized gray intensities at 
different cross sections. 
Upper fluid: DI water with red RhodmineB, Volume flowrate:  10 mL/h; 
Lower fluid: transparent DI water; Volume flowrate:  10 mL/h; 
 
Table 6-4 Thickness of diffusion layers 
Diffusion layer thickness 







(mL/h) 600 µm 1200 µm 1800 µm 
Water 10 Water 10 10.12 10.28 10.91 
Water 10 Water 8 15.97 18.65 18.34 
Water 10 Water 2 20.23 18.65 21.02 
Water 10 33% Glycerin 10 18.97 29.09 44.26 
Water 10 50% Glycerin 10 18.18 28.93 33.51 
Water 10 66.7% Glycerin 10 22.29 19.92 31.46 
Gray image 
of  bi-fluid 
Normalized 
Intensity 
Channel boundaries 600µm 1200µm 1800µm 
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Due to the thickness of this diffusion layer, the acoustic properties, including the 
sound speed, density and compressibility, change gradually from one fluid to the 
other. This gradual change will induce a relatively gradual and lower acoustic 
radiation force compared with the calculated acoustic force using the abrupt 
interface assumption. A full model which including the thickness of the diffusion 
layer would give more accurate simulation results of the acoustic radiation force 







This thesis presented a transport methodology for particle separation and particle re-
dilution in a bi-fluid micro-flow system using an acoustic field. The results show 
that the acoustic force can be used to separate particles from one aquatic dilution and 
simultaneously re-dilute them into another aqueous dilution. This novel particle 
transport methodology extends the previous acoustic particle separation 
methods[8][19], which was performed within a single fluid. One major advantage of 
this presented method is the combination of the particle separation and particle re-
dilution steps into a single step. This combined process simplifies the cell 
preparation, resulting in less complex lab-on-chip systems.   
 
In this work, a 2-D viscous hydrodynamic model governed by Stokes equations was 
firstly developed and solved by the boundary element method (BEM). The flow of 
two fluids in parallel in a micro-channel was studied and verified by the 
experimental results.  This 2-D model shows that the fluid viscosities, input flow 
rates and outlet pressures are the three major factors which affect the location of the 
fluid interface in the micro-channel. The interface location can be controlled by 




The motion of a particle in a bi-fluid microchannel under the acoustic radiation force 
was simulated. This study extends the widely studied single fluid flow to a bi-fluid 
case. Based on this study, a new methodology for particle transport between two 
parallel flows using ultrasonic standing wave and hydrodynamic force was 
developed and studied for the first time.  
 
A novel methodology was proposed to transport particles between two parallel flows. 
In this methodology, the shift of the acoustic pressure node due to the different 
acoustic properties of the two fluids was studied. The fully developed fluid interface 
was designed to be offset from the shifted acoustic pressure node by adjusting the 
input flow rates. This offset between the interface and the pressure node enables 
particles to be transported from one fluid to the other using the acoustic radiation 
force. The experimental results obtained by the prototype micro flow system proved 
that, for both the similar fluids (the pressure node is not shifted) and the dissimilar 
fluids (the pressure node is shifted significantly), this novel acoustic methodology 
could separate micro particles from one aquatic dilution, and simultaneously 
transport them into another one. The transported particles suspended in the second 
fluid flow could be collected downstream. Since the acoustic radiation force is a 
non-contact force which is based on the densities and compressibilities of the 
particles and fluids, this methodology provides a larger potential than the magnetic 
method[23], especially for cell separation integrated in lab-on-chip systems where 
aquatic dilutions are commonly used.  
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The deformation of the fully developed interface was observed when the acoustic 
field was applied on the dissimilar-fluid flow. This deformation was investigated 
experimentally, and the results show that the directions of both the interface 
deformation and the acoustic radiation force agree with each other. The 
experimental results also indicate the frequency sensitivity of the interface 
deformation. Furthermore, a 2-D numerical model considering the piezo-ceramic 
transducer, the microchannel structure and the bi-fluid flow was built to simulate the 
acoustic radiation force acting the interface. The analysis obtained indicates that the 
acoustic radiation force has caused the interface to be deformed from its original 
location. This estimation of this interface deformation is critical for the particle 
transportation. 
  
The hydrodynamic model only considers miscible fluids so that there is no surface 
tension at the fluids interface. This assumption is reasonable for most commonly 
used fluids in biomedical applications which are aquatic dilutions and miscible with 
each other. For non-miscible fluids, the surface tension at the interface between 
them is significant, so a larger force will be required to move particles through the 
interface. It will be of interests to study the non-miscible fluid case where the 
surface tension is considered. The hydrodynamic model in this study is restricted to 
a 2-D model, which does not consider the dimension in the height of the channel. 
This 2-D model simplifies the problem significantly to decrease the simulation time. 
For many commonly used micro-fluidic channels, the height-width aspect ratio is 
small so that a 2-D model is sufficient. For chambers, whose height-width aspect 
ratios are large, the height dimension cannot be omitted. A 3-D hydrodynamic 
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model, which needs significantly more computational time than the 2-D model, is 
required.  
 
In the prototype experiments, only polystyrene particles and oil-droplets were used 
instead of real cellular particles. According to previous studies[11,39], polystyrene 
particles were commonly used to simulate real cellular particles in the first step of 
the separation methodology studies, especially for the acoustic separations. Those 
instruments, which could separate polystyrene particles, were verified to separate 
blood cells effectively using similar experimental conditions. Thus, the acoustic 
method studied in this thesis has potential use in cell separation. However, it is 
difficult to use polystyrene particles to simulate properties of different cells, hence, 
it will be necessary to perform experimental studies of this method using real cells.  
 
When the acoustic property differences between two fluids are significant, the 
acoustic force at the two-fluid interface would deform the interface. In this study, 
the acoustic radiation force was calculated by using a 2-D simulation of the acoustic 
field in the microchannel to simplify the problem. In future work, a full 3-D model 
is needed to simulate the field more accurately. Together with the numerical model, 
experimental studies which can observe the variation of interface along the 
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Transfer matrix of a piezo-ceramic transducer 
 
In the linear theory of piezoelectricity, for the quasi-static electric approximation, 
the coupled electromagnetic and acoustic fields in a lossless piezoelectric medium 
can be described by displacement u, stress T, electric potential φ , dielectric 








dueD ϕε−= .                                               (A.2) 
where, x is the location vector, C is the elastic stiffness constant, e is the 
piezoelectric constant, and ε is the dielectric constant. As a consequence of the 
restriction to a single displacement direction (z), all material, which are tensor 
quantities in general case, are reduced to the scalar quantities that apply to the 
direction of the sound propagation. For a single homogeneous layer, from the 













.                                                 (A.3) 
Since there are no free electric charges in the dielectric layers, the divergence of the 
electric displacement is zero, 
0=⋅∇ D                                                      (A.4) 
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Substitute Eqs.A.1 and A.2 into Equations. A.3 and A.4, the motion equations and 
































ue ϕε .                                            (A.6) 
Integration of Eq.A.6 gives the expression of electric potential, 
01 φφεϕ ++= zu
e ,                                             (A.7) 













∂ρ .                                              (A.8) 
where 
ε
2eCC +=  is the piezoelectrically stiffened elastic constant in the usual 













∂ρ .                                              (A.9) 
The general steady state solution of Eq. A.8, tjezutxu ω−= )(),( , has the form 
)sin()cos()( kzBkzAzu += ,                                  (A.10) 
where
C
k ρω= ; A and B are constants. Substituting equation A.10 and A.7 into the 
fundamental Eqs.A1,A2, we have the expression of the stress and electric 
displacement in z direction, 
1))cos()sin(()( φekzBkkzAkCzT ++−=                          (A.11) 
1)( εφ−=zD                                                  (A.12) 
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Thus, Total 4 integration constants ( 10 ,,, φφBA ) need to be determined from 
boundary conditions. Assuming the boundary conditions at 0=z  as 
)0(T , )0(D , )0(ϕ , )0(u , we can compute the four integration constants, 












ϕφ −= ,                                            (A.15) 
ε
φ )0(1 D−= .                                                       (A.16) 
 
Transfer matrix of a ceramic layer 
By substituting the integration constants, as given in Equations A.13-A.16, into 
Equations. A.7 and A.10, we get a solution of the differential equations system of 
Equations. A.5 and A.6 for all values of z depending linearly on the boundary values 
at 0=z . Supposing the thickness of the ceramic layer is pl , the unknowns of a plate 










































































.     (A.17) 




























































































ϕ .  (A.18) 

























































































.               (A.19) 
 
Simplification of the transducer 
Considering the simplified transducer shown in Figure 6.19, the boundary condition 
at 0=z  is traction free, and the continuity boundary conditions are required at 
lzz =  where the transducer is connected to the silicon channel. Thus, the traction is 
0)0( =T .                                                  (A.20) 
Since we are free to determine the zero point of the electric potential, we can set the 
electric potential at the two surfaces ( 1ϕ  and 2ϕ ) as,  
221
U
=−= ϕϕ ,                                            (A.21) 
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where U  is the voltage applied on the PZT transducer. From surface 1 to surface 2, 
the electric potential inside the PZT pϕ  varies from 1ϕ  to 2ϕ  continuously. The 





0                                                (A.22) 
Using the transfer matrix shown in Equation A.19, the relations between the 




























0 .                                    (A.23.d) 
Further simplification of Equations A.23 shows, 
buaT += 21 ,                                             (A.24) 









































































= .   (A.26) 
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0U  is the electric potential difference provided by the voltage source; R is the total 
equivalent resistance of the external circuit excluding the transducer; A is the 
effective area of the transducer; and ω  is the time harmonic angular frequency. The 
parameter a is equivalent spring constant, and b is equivalent to the applied force 
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